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SOMMAIRE 
Identifier les mecanismes qui influencent la variation phenotypique des evenements du 
cycle annuel est un element indispensable pour comprendre comment les individus 
parviennent (ou non) a maintenir le synchronisme avec les periodes optimales de 
realisation de certains evenements cles. La periode de reprodution, de part son lien tres 
etroit avec la valeur adaptative des individus, constitue probablement un des evenements 
les plus importants du cycle annuel, et la variation dans le declenchement de cette activite 
engendre souvent des differences inter-individuelles et inter-populationnelles notables du 
succes reproducteur. Les mecanismes a l'origine de la variation phenotypique de 
l'epoque de reproduction sont toutefois meconnus. Cette these vise done a decrire 
rampleur de la variation de la periode de reproduction chez une espece modele, la 
mesange bleue, dans un contexte de grande heterogeneite environnementale (Corse et sud 
de la France), tout en tentant de mieux comprendre les mecanismes sous-jacents a cette 
variation et qui favorisent l'adaptation locale aux variations des conditions ecologiques. 
Apres avoir decrit le systeme d'etude et les particularites propres a chaque population 
(variation phenotypique de la date de ponte), j 'ai tente de comprendre comment les 
contraintes energetiques et nutritionnelles a 1'effort reproducteur pouvaient expliquer une 
partie de la variation observee entre les differentes populations. J'ai ensuite tente 
d'identifer, et de quantifier Fimportance, des differents signaux de l'environnement les 
plus susceptibles d'etre integres par les oiseaux dans le controle fin de la reproduction. 
Pour finir, j 'ai compare la reponse des oiseaux face aux variations des conditions 
climatiques, permettant ainsi d'apprecier l'importance de la plasticite phenotypique du 
comportement de reproduction entre les differents sites d'etude. 
Les resultats de cette these suggerent que les oiseaux ont la capacite d'integrer les indices 
de l'environnnement les plus pertinents, de maniere a synchroniser adequatement la 
periode de reproduction avec les periodes les plus favorables permettant d'assurer le 
m 
succes de cette activite. La phenologie de la vegetation occupe ainsi une place 
preponderante dans le controle fin de la reproduction, alors que la temperature ambiante 
jouerait un role complementaire dans certains contextes. De facon generate, mes 
resultats suggerent que la plasticite phenotypique, plutot que la specialisation locale, est 
le mecanisme le plus important a l'origine de la grande variation phenotypique de 
l'epoque de reproduction observee en Corse. La flexibilite dans le comportement 
reproducteur serait par consequent une adaptation a ce milieu tres heterogene dont les 
conditions ecologiques sont hautement variables sur une tres petite echelle geographique, 
assurant ainsi le succes de l'etablissement des individus dans la plupart des 
environnements disponibles. 
Les conclusions de cette these viennent mettre a jour certaines divergences importantes 
dans les mecanismes de coordination de l'effort reproducteur entre certaines populations. 
La demonstration de l'existence de ces differences sur une petite echelle geographique 
permettra de mieux comprendre (et d'anticiper) la reponse phenologique des individus et 
des populations aux bouleversements environnementaux, notamment la fragmentation 
des habitats et les changements climatiques globaux, permettant ainsi de mieux evaluer 
les consequences possibles de ces facteurs sur la persistance des populations. 
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INTRODUCTION 
La phenologie de la reproduction : un element crucial influencant la valeur 
adaptative 
Un theme recurrent dans la description des traits d'histoire de vie est le role central 
qu'occupe revolution synchronisee des evenements temporels dans le cycle annuel. Les 
systemes physiologiques de controle saisonnier ont ainsi evolue de maniere a ce qu'il 
s'etablisse un synchronisme entre raccomplissenient de certaines activites (migration, 
reproduction, mue) et les periodes les plus favorables permettant de les realiser. Compte 
tenu de son lien tres etroit avec la fitness, la reproduction est probablement le processus 
biologique qui est le plus souvent evoque pour appuyer 1'explication adaptative du 
controle saisonnier des evenements annuels. Le synchronisme avec l'abondance de 
nourriture, la disponibilite des sites de nidification, l'attente des periodes de faibles 
risques de predation, la croissance et la survie des jeunes et la condition corporelle des 
adultes sont tous des exemples de facteurs ultimes qui ont favorise 1'elaboration de 
reponses comportementales permettant l'elaboration d'un calendrier de reproduction 
precis (Banbura et al, 1994; Blondel et al., 1993; Clutton-Brock, 1988; Gotmark, 2002; 
Naef-Daenzer et Keller, 1999; Perrins, 1991; Reale et al., 2003; Tinbergen et Boerlijst, 
1990; Wingfield et al., 1992). 
La litterature des 30 dernieres annees fait abondamment etat des differents types de 
pressions evolutives a l'origine du developpement des systemes de reproduction, dont 
certains ouvrages parmi les plus importants s'appuient sur des travaux effectues sur la 
classe des oiseaux (ex. Lack, 1968). H est done bien etabli que l'instauration du calendrier 
reproducteur chez la plupart des groupes d'oiseaux repond a des causes ultimes qui ont 
comme finalite de maximiser la valeur adaptative des individus. Par exemple, la periode 
d'elevage des jeunes chez de nombreux passereaux insectivores coincide avec une courte 
1 
periode ou l'abondance de nourriture est maximale, c'est-a-dire la periode ou le 
developpement de la vegetation permet le developpement d'une abondante population 
d'insectes defoliateurs. De toute evidence, le developpement d'un tel synchronisme 
favorise plusieurs composantes du succes reproducteur, notamment en permettant ime 
croissance rapide des jeunes tout en minimisant les couts associes aux deplacements par 
les parents (couts energetiques, risques de predation). 
L'heterogeneite spatiale comme moteur de la variability des traits de reproduction 
Les recherches actuelles et passees tendent a suggerer que les causes ultimes determinant 
l'etablissement du calendrier saisonnier de la reproduction ont potentiellement tellement 
d'impact sur la valeur adaptative des individus, qu'il devient a peu pres impossible de 
rencontrer des phenotypes qui divergent du patron optimal attendu. On s'attend ainsi a ce 
que la reproduction soit tres bien synchronisee a l'interieur d'une population. Tout 
individu qui presenterait un ecart par rapport a la periode optimale serait invariablement 
contre-selectionne, la pression de selection en faveur de l'etablissement d'un calendrier 
strict etant necessairement trop importante. Cette vision traditionnelle de l'importance 
des causes ultimes du timing de la reproduction oriente la conclusion selon laquelle il ne 
devrait pas subsister de variabilite sur ce trait, ou a tout le moins qu'elle se maintienne a 
un niveau minimum, largement explique par l'existence de contraintes agissant au niveau 
proximal (ex. Stevenson et Bryant, 2000; Visser et Lessels, 2001). Or, on realise de plus 
en plus que de la variabilite existe, et qu'elle est parfois meme omnipresente a l'interieur 
des populations. Meme si on connait mal les raisons de cette variabilite, certains 
contextes ecologiques semblent plus favorables que d'autres pour permettre son 
epanouissement. Ainsi, les environnements tres heterogenes, pre"sentant des conditions 
ecologiques tres contrastees, sont particulierement susceptibles d'abriter des populations 
presentant un haut degre de variation phenotypique, que celle-ci soit associee ou non a 
une diminution de la valeur adaptative. 
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Dans ce contexte, certains paysages specifiques semblent particulierement propices a 
l'observation du phenomene. De par leur riche passe, profondement marque par la 
presence humaine, leur climat particulier et leur configuration particuliere, les paysages 
mediterraneens constituent d'excellents laboratoires naturels pour explorer les causes et 
les consequences de la variation phenotypique des traits de reproduction: la grande 
h&erogeneite spatiale qu'on y retrouve, sur une echelle geographique souvent tres 
restreinte, contribue a creer une mosaique d'habitats ayant chacun ses particularites et ses 
contraintes influen9ant directement l'expression phenotypique de certains traits. C'est 
cette particularite des paysages mediterraneens (et la consequence que cela engendre sur 
Fimportance de la variation phenotypique) qui a motive la realisation de cette these, et 
au-dela de 30 annees de recherche axees directement sur ce theme. Le modele biologique 
qui a retenu notre attention est la mesange bleue (Cyanistes caeruleus ; figure 1), petit 
passereau arboricole commun occupant une large gamme d'habitats. Sa distribution tres 
etendue, comprenant l'essentiel de la zone palearctique occidentale, lui permet de couvrir 
toutes les latitudes, de l'Afrique du nord jusqu'a la limite des arbres en Scandinavie. 
C'est un oiseau cavernicole, qui accepte volontiers de nicher non seulement dans les 
anfractuosites naturelles (cavites d'arbres) mais aussi dans les structures d'origine 
humaine (dont les nichoirs). Ce sont principalement ces deux caracteristiques 
(abondance generate et facilite d'acces) qui ont favorise le choix de cette espece (de 
meme que sa cousine la mesange charbonniere, Parus major) comme modele biologique 
de premier ordre par plusieurs generations de chercheurs europeens. Par consequent, la 
biologie de la mesange bleue est particulierement bien connue et bien documentee. 
L'objectif n'etant pas de decrire a nouveau l'histoire naturelle de cette espece, je laisserai 
done a d'autres auteurs (ex. Harrap et Quinn, 1995; Perrins, 1979) le soin de fournir de 
plus amples details sur sa biologie, et je me concentrerai plutot sur l'impact des 
caracteristiques de l'environnement sur la variation phenotypique des traits de 
reproduction. 
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Figure 1. Melange bleue {Cyanistes caeruleus) de Corse. 
La mesange bleue dans le milieu heterogene mediterranean 
Dans la region mediterraneenne, la mesange bleue a acces a une mosaifque complexe 
d'habitats. Les peuplements forestiers et les zones de maquis sont entrecoupes de zones 
ouvertes dont la formation r&ulte principalement de Taction humaine. Sur une echelle 
souvent tres reduite, on decouvre un paysage tres contraste, auquel s'ajoute souvent le 
facteur altitude qui modifie considerablement le climat a fine echelle, et par consequent le 
type de vegetation et d'utilisation du sol qui y sont retrouves. Pour la mesange bleue, ce 
paysage influence directement ses caracteristiques biod^mographiques, et le facteur le 
plus important est lie au contraste entre les types de peuplements forestiers ou sont etablis 
les territoires de reproduction. De facon generate, la mesange se reproduit soit dans les 
for6ts de chene blanc {Quercus humilis) ou de cMne vert (Quercus ilex), lesquels 
dominent le paysage dans des proportions variables selon le contexte local. Les 
conditions ecologiques qui accompagnent Pun ou Pautre peuplement sont a Porigine des 
differences majeures que Pon observe dans les traits de reproduction des melanges. 
Ainsi, ce qui distingue le plus ces deux environnements du point de vue de Poiseau, c'est 
leur capacite a fournir une nourriture abondante durant la periode d'elevage des jeunes. 
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En foret decidue de chene blanc, en raison du renouvellement saisonnier complet du 
feuillage, le pic d'abondance d'insectes defoliateurs (chenilles) se materialise assez tot au 
printemps, et peut devenir par endroit tellement intense que les arbres se verront 
completement depouilles de leur feuillage. Cette abondance native favorise evidemment 
le nourrissage des jeunes par les parents. Le succes reproducteur y est par consequent 
tres eleve. Par ailleurs, etant donne l'apparition hative de cette manne, un declenchement 
hatif de la reproduction est de rigueur, de maniere a permettre le meilleur synchronisme 
possible entre la periode d'elevage des jeunes et le pic de nourriture. Par opposition, 
1'abondance de nourriture est beaucoup plus faible dans les habitats de cheine vert. Une 
faible proportion du feuillage est renouvelee chaque annee, ce qui defavorise 
l'etablissement d'une population elevee d'insectes. Le succes reproducteur y est done 
souvent plus faible, particulierement lors d'annees tres pauvres en chenilles. De plus, 
etant donne que le pic d'abondance se presente plus tardivement au printemps, les 
oiseaux de ces habitats s'y reproduisent systematiquement plus tard. Plus de details 
concernant revolution des traits de reproduction dans chaque milieu seront retrouves 
dans le chapitre I de la these et dans la litterature produite par notre equipe de recherche 
au cours des dernieres annees (ex. Blondel et al., 1993; Lambrechts et al., 2004; 
Tremblay et al., 2003). Pour l'instant, l'element le plus important a retenir concerne 
1'existence de cette dichotomie spatiale chene blanc / chene vert qui joue un role cle a la 
fois sur l'expression des traits de reproduction, au premier rang desquels figure la date de 
ponte, mais aussi sur le succes reproducteur des oiseaux. Pour la mesange bleue, le 
facteur le plus important lie a cette dichotomie particuliere concerne done la variabilite 
spatio-temporelle de sa proie de prediction : la chenille. 
Adaptation a Pheterogeneite spatiale: specialisation locale on plasticite 
phenotypique ? 
Dans un paysage aussi heterogene, l'ajustement fin de la periode de reproduction en 
reponse aux conditions locales est une composante essentielle du succes reproducteur et 
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de la persistance des populations. Les oiseaux en chene blanc initient la reproduction 
plus tot qu'en chene vert, et cette difference generate assure globalement le maintien du 
synchronisme avec les conditions favorables d'alimentation sur une base locale. Ce 
systeme semble particulierement efficace sur l'ile de Corse, ou les populations 
parviennent a maintenir la coordination (voir chapitre IIIc) avec leur environnement. Sur 
le continent, le mecanisme n'est pas aussi parfait puisque les populations nichant en 
chene vert se reproduisent un peu trop tot par rapport a la disponibilite locale de 
nourriture, causant ainsi un dephasage ayant des consequences severes sur le succes 
reproducteur (Dias et Blondel, 1996; Thomas et al., 2001a). Nous reviendrons plus loin 
sur cette difference importante entre la Corse et le continent. Puisque cette difference en 
date de ponte peut depasser un mois entre les populations locales, la comprehension des 
mecanismes favorisant 1'existence d'une telle variation devient essentielle. La 
specialisation locale et la plasticite phenotypique sont done les deux mecanismes 
possibles qui expliquent comment les populations peuvent maintenir ce niveau de 
variation dans le declenchement de la reproduction entre les habitats. 
La specialisation est le resultat de la selection sur une echelle locale. Elle amene les 
individus composant un habitat donne a presenter une similarite dans l'expression d'un 
phenotype, qui est le resultat direct de revolution de ce trait vers un optimum local. Ceci 
implique done qu'un phenotype specialise a un environnement donne ne sera pas aussi 
efficace dans un environnement alternatif. Au contraire, la plasticite phenotypique 
autorise une grande flexibilite dans l'expression d'un phenotype, permettant ainsi 
d'occuper efficacement different habitats. Peu importe si la specialisation locale ou la 
plasticite phenotypique sont a l'origine de l'adaptation aux variations de 1'environnement, 
les deux mecanismes proposes sont clairement des reponses adaptatives aux variations de 
1'environnement et sont sujets a selection. lis n'ont toutefois pas le meme mode d'action, 
et plusieurs facteurs peuvent expliquer l'origine de leur developpement. Par exemple, il 
est possible que rampleur de l'heterogeneite spatiale (le niveau de variation dans 
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1'environnement), ait ultimement une influence sur revolution de l'un ou l'autre 
mecanisme (voir chapitre I). 
On a longtemps presume que la specialisation locale etait le mecanisme le plus probable 
pour expliquer 1'adaptation des mesanges aux differents habitats mediterraneens (Blondel 
et al., 1999; Blondel et al, 2001). Des evidences pour une base genetique de la date de 
ponte, demontree par des experiences en voliere (Lambrechts et al. 1997; Caro et al., 
2007), un certain (quoique faible) niveau de differentiation genetique entre les 
populations de Corse (Charmantier, 2000), et des differences dans la morphologie et la 
dominance sociale (Blondel et al., 2002; Braillet et al., 2002) tendent a supporter cet 
argument. On a ainsi avance l'idee que l'isolement geographique entre les principales 
vallees de Corse (Muro et Pirio, Blondel et al., 1999) favoriserait l'isolement 
reproducteur des populations d'oiseaux, aide en cela par une dispersion reduite par les 
populations insulaires (Blondel et ah, 2001), resultant en une specialisation locale aux 
habitats dominants chaque vallee. Les barrieres etant moins etanches sur le continent, la 
specialisation fine a chaque type d'habitat devient moins probable. Un tel environnement 
favoriserait plutot la specialisation dans l'habitat dominant (foret de chene blanc), creant 
ainsi un genotype general adapte a la phenologie de ce type de peuplement. Dans ces 
circonstances, les individus s'aventurant en chene vert (l'habitat minoritaire) se verraient 
contraints de pondre systematiquement trop tot par rapport a la periode optimale, 
compromettant ainsi la persistance des populations sur une echelle tres localisee. Un tel 
systeme source-puits (Dias et Blondel, 1996), base sur la specialisation locale, procurerait 
done une explication acceptable au fait que Ton on retrouve des populations visiblement 
maladaptees dans les habits de chene vert sur le continent (voir plus haut). 
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Les mesanges de Corse : un cas de plasticite phenotypique? 
Si le paysage Corse etait limite a seulement quelques vallees principales, lesquelles 
seraient tres eloignees les unes des autres, et isolees au point de limiter au minimum le 
flux genique entre les populations y trouvant refuge, 1'argument genetique serait tout a 
fait convenable pour expliquer les differences observees dans la phenologie de la 
reproduction. Or, depuis quelques annees, nous observons des cas de reproduction dans 
des environnements forts differents, situes souvent a mi-chemin entre les deux vallees 
principales (chapitre IIIc). Ces donnees montrent ainsi que la periode de reproduction est 
beaucoup plus variable que prevue, en supposant l'existence de seulement deux 
genotypes correspondant a l'habitat dominant de chaque vallee. Par ailleurs, nos donnees 
de baguage font mention de quelques individus connus faisant le bond d'une vallee a 
l'autre (environ 24 km separe les deux secteurs). La barriere geographique n'est done pas 
aussi etanche que nous le pretendions (Blondel et ah, 1999), ce qui donne la place a une 
interpretation differente des patrons de reproduction que nous observions jusqu'alors. La 
traditionnelle explication genetique des patrons de reproduction en Corse doit done etre 
reevaluee en considerant la possibilite d'integrer d'autres mecanismes pouvant etre a 
l'origine de cette grande variation dans 1'initiation de la reproduction. 
On l'a vu plus tot, l'ampleur de Pheterogeneite spatiale (le niveau de variabilite 
environnementale) peut ultimement influencer lequel des deux mecanismes 
(specialisation ou plasticite) sera a l'origine de la variation phenotypique dans un paysage 
donne. II est done possible que des differences dans certaines composantes 
environnementales caracterisant la Corse et le continent, favorisent la plasticite ou la 
specialisation selon le contexte particulier a chaque paysage. Dans un environnement 
comme la Corse, tres fortement heterogene et presentant une topographie 
particulierement accidentee, il peu probable qu'un environnement en particulier (et le 
phenotype optimal qui y correspond) vienne qu'a etre favorise au detriment d'un autre : 
les conditions ecologiques existantes, pour lesquelles les possibilites de specialisation 
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doivent se realiser, sont simplement trop grandes par rapport a la superficie totale du 
paysage. La plasticite du comportement reproducteur, c'est-a-dire l'ajustement de la 
periode de ponte en fonction du contexte local, constitue alors un mecanisme beaucoup 
plus prometteur dans un milieu aussi heterogene. A l'oppose, les peuplements de chene 
blanc qui dominent le paysage sur le continent offrent de meilleures perspectives de 
specialisation a ce type d'environnement. 
Un des objectifs de cette these est de comprendre quel mecanisme (specialisation locale 
ou plasticite phenotypique) semble le plus adequat pour expliquer la grande variation 
phenotypique de l'epoque de reproduction chez la mesange bleue en Corse. Pour ce 
faire, plusieurs volets seront abordes, chacun permettant d'abord de mieux comprendre 
un aspect particulier de la reproduction des mesanges, tout en ajoutant un nouvel element 
menant ultimement a la comprehension du mecanisme de synchronisation de la periode 
de reproduction. Dans le premier chapitre, je decrirai les principales caracteristiques de 
la reproduction des mesanges dans le milieu mediterranean. Le chapitre 2 visera a 
determiner si certaines contraintes environnementales liees a la disponibilite de nourriture 
en periode pre-ponte peuvent expliquer une partie de la variation observee. Je tenterai 
ensuite d'identifier les principaux signaux de l'environnement impliques dans le controle 
fin de la reproduction dans le chapitre 3, alors qu'au chapitre 4, je comparerai l'intensite 
de la reponse inter-individuelle des oiseaux aux variations annuelles de la temperature 
entre la Corse et le continent. 
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CHAPITRE I 
Variation pheiiotypique des traits 
biodemographiques chez la mesange bleue 
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CHAPITRE la 
A THIRTY-YEAR STUDY OF PHENOTYPIC AND GENETIC VARIATION OF 
BLUE TITS IN MEDITERRANEAN HABITAT MOSAICS 
Description de Particle et contribution 
II m'apparait primordial, dans le but de bien orienter le lecteur, de presenter le maximum 
d'informations possible concernant le systeme biologique a l'etude. Le premier chapitre 
de cette these a done comme objectif d'exposer les principales particularites 
biodemographiques de la mesange bleue, et 1'article qui le compose se veut done un 
survol assez bien detaille de toutes les recherches qui se sont deroulees au cours des 
dernieres annees, dont 1'objectif principal est de demontrer et d'expliquer l'importance de 
l'heterogeneite spatiale sur la variation phenotypique des principaux traits de notre 
modele, la mesange bleue. Cet article est en fait le resume de plus de 30 annees de 
recherche, realisees sous la gouverne du Dr. Jacques Blondel et de son equipe du CEFE-
CNRS de Montpellier et de TUniversite de Sherbrooke. II reprend les grandes lignes des 
decouvertes qui ont permis de mieux comprendre les consequences evolutives de la 
variation spatiale chez les mesanges. En particulier, il decrit comment les contraintes et 
les caracteristiques de l'habitat (type d'habitat, disponibilite de nourriture, parasitisme) 
vont moduler des grandes differences biodemographiques des oiseaux (date de ponte, 
taille de ponte, succes reproducteur) et influencer une certaine structuration des 
populations qui composent le paysage. 
Cet article est non seulement une excellente introduction au modele biologique et au 
systeme etudies, il decrit aussi les principales conclusions «traditionnelles» expliquant 
comment la variation phenotypique de la date de ponte en Corse peut avoir une base 
genetique: lorsque la selection sur un trait est particulierement forte dans un 
environnement donne, la specialisation devient possible malgre l'existence de flux 
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genique entre les habitats (divergence with gene flow model of speciation). Nous verrons 
dans les prochains chapitres de cette these comment il est possible de remettre en 
question cette conclusion generate. Pour l'instant, l'article doit etre considere comme un 
element important pour bien comprendre le cheminement scientifique ayant mene a ces 
conclusions. En effet, les reflexions et l'elaboration des volets de cette these sont 
directement inspirees des conclusions des recherches passees decrites dans cet article. Je 
le considere done comme un element absolument essentiel pour bien saisir le contexte 
intellectuel et scientifique dans lequel mon projet a pris forme. 
Mon implication pour cet article est mineure; la redaction ayant ete assumee presque 
entierement par le Dr. Jacques Blondel. Ma contribution se resume a la relecture et a 
l'ajout de commentaires aux differentes versions preliminaires. Bien entendu, j 'ai ete 
implique dans la recolte des donnees de bon nombre des recherches decrites dans 
l'article. Je tiens done a preciser que, malgre mon implication limitee, cet article est tres 
important pour la comprehension du contexte general. C'est pourquoi je considere qu'il 
trouve une place legitime dans le premier chapitre de cette these. 
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A THIRTY-YEAR STUDY OF PHENOTYPIC AND GENETIC VARIATION OF 
BLUE TITS IN MEDITERRANEAN HABITAT MOSAICS 
par 
JACQUES BLONDEL, DONALD W. THOMAS, ANNE CHARMANTffiR, PHILIPPE 
PERRET, PATRICE BOURGAULT & MARCEL M. LAMBRECHTS 
Bioscience, 2006, 56 : 661-673 
Abstract 
In recent years, the study of phenotypic and genetic variation has been enhanced by 
combining genetic, physiological, demographic, and behavioral components of life 
histories. Using these new approaches, we address the problem of adaptation to 
environmental heterogeneity by examining in detail the variation of several fitness-
related traits in a small passerine bird, the blue tit, which has been extensively studied in 
habitat mosaics of the Mediterranean region. The response of blue tits to spatial habitat 
heterogeneity depends on their range of dispersal relative to the size of habitat patches. 
Dispersal over short distances leads to local specialization, whereas dispersal over long 
distances leads to phenotypic plasticity. Gene flow between habitats of different quality 
may produce local maladaptation and a source-sink population structure. However, when 
habitat-specific divergent selection regimes are strong enough to oppose the effects of 
gene flow, local adaptation may arise on a scale that is much smaller than the scale of 
dispersal. 
Keywords: gene flow, local specialization, phenotypic variation, plasticity, reaction norm 
Introduction 
Habitat heterogeneity is universal, regardless of spatial scales or parameters (Bell et al. 
1993). Thus, a basic problem in evolutionary biology is understanding how the balance 
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between local selection and gene flow determines the extent to which populations 
become adapted to heterogeneous environments (Bohonak 1999). This problem was first 
addressed long ago by Wright (1940), who stressed the evolutionary interplay between 
gene flow and local specialization through dispersal, founder effects, genetic drift, and 
natural selection. Quantifying phenotypic and genetic variation is a prerequisite to 
understanding how organisms respond to selection in changing environments. However, 
despite a recent surge of interest in the evolution of local adaptation, particularly 
regarding the impact of climate change on the evolution of life histories, few studies on 
animals have investigated the relationship between phenotypic variation and variation of 
selection pressures at a microgeographic scale. One notable exception is the textbook 
case showing the evolution of beak and body size in Darwin's Galapagos finch Geospiza 
fortis following episodes of strong directional selection (Grant and Grant 1995). 
However, we still know little about how selection on quantitative traits in spatially 
structured populations (those occupying different habitats within a landscape) determines 
genetic variation among populations (Hendry et al. 2001, Charmantier et al. 2004a, 
Postma and van Noordwijk 2005). One reason that few studies have adequately addressed 
the problem of spatial phenotypic variation is that most long-term field projects face a 
logistical trade-off between (a) the plot size and number of study sites and (b) the 
intensity of data collection. This trade-off typically results in research that emphasizes 
detailed studies of single populations and study sites rather than multiple populations 
scattered across varied landscapes. 
The purpose of our study was to investigate phenotypic variation using a small (9- to 13-
gram [g]) forest passerine bird, the blue tit (Cyanistes caeruleus), which is widespread in 
forested habitats of the western Palaearctic, ranging from southern Scandinavia in the 
north to the Canary Islands in the south of its breeding range. Our goal was to explore 
how blue tit populations cope with the extreme habitat heterogeneity found in 
Mediterranean landscapes, which typically consist of forest patches dominated by broad-
leaved deciduous or evergreen tree species. Our fundamental approach was to monitor the 
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movements and reproductive histories of as many marked individuals as possible, for up 
to 15 generations, from a variety of populations or subpopulations inhabiting divergent 
habitat types. 
The blue tit is a hole-nesting bird that readily breeds in artificial nest boxes and accepts 
being caught and manipulated without deserting its nest, thus making it possible to collect 
large data sets on its demography, behavior, morphology, and other phenotypic traits. 
During the breeding season, blue tits feed on a wide range of invertebrates, but their 
preferred prey consists of leaf-eating caterpillars, which are available for only two to 
three weeks in spring (Zandt et al. 1990, Banbura et al. 1994). When caterpillars are in 
short supply, tits switch to a large variety of alternate arthropod prey. Nestling tits are 
host to a panoply of parasites, the most impressive of which are the blood-sucking larvae 
of blowflies {Protocalliphora spp.). These ectoparasites, which may be very abundant in 
evergreen habitats, can have a marked negative impact on nestling growth and survival. A 
large spatial variation in infestation rates of Protocalliphora parasites is an important 
contributor to environmental heterogeneity. 
We conducted our study in two landscapes located at a similar latitude (between 42 
degrees north [° N] and 43° N) and altitude (ranging from 80 to 370 meters [m] above sea 
level) in southern France: a landscape on the mainland near Montpellier, where the blue 
tit belongs to the continental subspecies C. caeruleus caeruleus, and a landscape on the 
island of Corsica, 80 kilometers (km) off the coast of Italy (figure 1), where the blue tit 
belongs to the subspecies C. caeruleus ogliastrae, which is approximately 15% smaller. 
Each landscape is a mosaic of habitat patches dominated either by the deciduous, broad-
leaved downy oak {Quercus humilis) or by the evergreen, broad-leaved holm oak 
(Quercus ilex). The geographical configuration of landscapes was similar in the two 
regions, but deciduous oak forests were more common than evergreen oak forests on the 
mainland, whereas the opposite was true in Corsica. This feature will be shown to have 
important consequences for the spatial structure of populations. 
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Mediterranean landscapes provide a fascinating opportunity for exploring the 
consequences of habitat heterogeneity and patchiness on the phenotypic variation of a 
small bird such as the blue tit. From a bird's perspective, all landscapes are to some extent 
mosaics of habitats, but Mediterranean landscapes are particularly interesting because 
they consist of variable proportions of patches dominated by either deciduous or 
evergreen oak forest. A crucial element of the story is that food chains, starting with the 
production of young leaves and cascading through herbivorous caterpillars to 
insectivorous blue tits, follow different temporal trajectories in the two oak forests 
because of the timing of spring bud burst. Deciduous downy oak produces a large crop of 
young, tender leaves approximately one month earlier than evergreen holm oak, which 
renews only 30% of its foliage in a given year. The one-month offset in bud burst and the 
differences in spring leaf production result in an early, high-amplitude peak in caterpillar 
production in downy oak forests and a late, low-amplitude peak in holm oak forests. 
Because forest types tend to be homogeneous, with more than 95% of the trees belonging 
to a single oak species, and because the home range and dispersal range of blue tits are 
generally small relative to the size of oak forest patches, birds typically live and breed in 
a single habitat type. In downy oak forest, birds have an early and abundant caterpillar 
supply, but in holm oak forest, food is available only later in the season and in lesser 
quantities. These differences in the timing and abundance of food have important 
consequences for fitness features, such as breeding date, clutch size, and number of 
fledglings, and have been the subject of considerable research in the field of evolutionary 
ecology over the past 30 years (e.g., Blondel et al. 1993). 
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Figure 1. Locations of the two landscapes and study sites. Stippled circles denote 
deciduous sites (downy oak) and black squares evergreen sites (holm oak). Stars denote 
the main study sites. 
In recent years, the study of phenotypic and genetic variation has been enhanced by the 
development of new techniques, including mathematical modeling of gene frequency 
changes, statistical methods to quantify natural selection, experimental manipulation of 
phenotypes in the wild, and the application of molecular tools to quantify gene flow 
among natural populations. These techniques have provided new insight into the 
evolution of breeding traits in blue tits. 
In this article we provide a synthesis of our study on phenotypic variation of blue tits in 
Mediterranean habitat mosaics for over 30 years, highlighting the importance of 
considering spatial scales when studying an organism's ecological and evolutionary 
context. We cannot present all of our findings; rather, we focus on questions that are 
relevant in the context of phenotypic variation, namely: 
• How much do breeding performance, foraging patterns, and morphology vary among 
populations and phenotypes in response to habitat features and constraints? 
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• To what extent do birds move between habitat patches that differ in the timing and 
abundance of their food supply? Does mistiming of breeding relative to the period when 
food is plentiful incur a cost for the birds and their progeny? Are the magnitude and 
consequences of dispersal across habitats similar on the mainland and in Corsica? 
• Is phenotypic variation a reflection of genetic divergence? 
• Do blue tits disperse randomly with regard to forest type and exhibit a large degree of 
phenotypic plasticity, or do they select habitats with a particular type of tree, where they 
evolve local specialization? 
Setting the scene: Habitats, study models, and data collection 
In each landscape, one or two main study sites ranging from 50 hectares (ha) to over 200 
ha in size have been monitored for many years (since 1975 for the oldest site). These 
study sites consist of a deciduous habitat dominated by downy oaks on the mainland 
(hereafter termed "mainland deciduous"), a similar deciduous habitat on Corsica (island 
deciduous), and an evergreen habitat dominated by holm oak on Corsica (island 
evergreen). In each landscape, 4 to 10 secondary sites, located less than 40 km from the 
main sites and dominated by one or more of the other oak species, were included to 
address specific questions. We use the term "population" in the simple ecological and 
practical sense to indicate groups of birds that are spatially more or less contiguous in the 
same habitat type within a landscape. 
Habitat factors and constraints 
By "constraint" we refer to any environmental feature that might reduce the breeding 
performance of the tits. Besides patchiness and fragmentation, several factors and 
constraints characterize Mediterranean habitats for small passerines such as tits, including 
variation in the timing and abundance of food, parasite loads, and climatic factors. The 
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impact of these factors depends on habitat type, date, and year, giving rise to considerable 
spatial and temporal variation in blue tit breeding performance. For example, the lower 
availability of caterpillars late in the season—up to 10 times less in evergreen than in 
deciduous oaks (table 1)—often results in poor breeding performance. 
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A second factor that can be a severe constraint is infestation by the blood-sucking 
ectoparasitic larvae of two species of blowflies in the genus Protocalliphora (Hurtrez-
Bousses et al. 1997, Simon et al. 2004). A combination of low caterpillar abundance and 
high Protocalliphora infestation can result in a severe reduction in nestling growth and 
survival, apparently because birds cannot compensate for the detrimental effects of 
parasites by providing more food to their young. 
A third potential constraint is the long, hot, and dry Mediterranean summer, which could 
be stressful for birds, especially in evergreen habitats where tits breed late in the season. 
As water-rich caterpillars become increasingly scarce as the season progresses, water 
may not always be readily available to invest in thermoregulation through evaporation. 
Data collection 
More than 5000 breeding attempts have been recorded from our nest boxes in 27 main 
and secondary study sites over 30 years. Only some of the most relevant approaches and 
results relating to the theme of phenotypic variation will be summarized here. More 
details and results, including statistical procedures, can be found in the relevant 
references. Our nest boxes, placed at densities of approximately two per ha, were 
routinely checked at least once a week to collect basic data on breeding traits such as 
laying date of the first egg, clutch size, hatching date, number of hatchlings, and number 
of fledglings. Chick body mass and tarsus length were measured at day 15 posthatching, 
when they had reached their asymptotic mass. Chicks were banded at 6 days, and parents 
were captured for identification (ring number, sex, age) and measurement of 
morphometric data when chicks were at least 10 days old. Only genuine first clutches 
(i.e., excluding repeat clutches and the very rare second clutches) were considered. 
Because various experiments were carried out, population statistics refer only to 
unmanipulated broods. Food abundance was routinely measured by collecting the frass of 
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leaf-eating caterpillars in 0.25-m2 trays placed under the forest canopy and collected 
twice a week (see Zandt et al. 1990). The proportion of caterpillars in the nestlings' diet 
positively correlated with the amount of frass collected in trays, indicating that frass is a 
reliable indicator of the caterpillars' abundance (Banbura et al. 1994). 
How do phenotypes vary across habitats? 
Since we first discovered that blue tits may start breeding more than three weeks apart, 
depending on the type of habitat they settle in (Blondel and Isenmann 1979), we 
examined many other traits and found that they also varied considerably within and 
among habitats and landscapes. 
Breeding time and clutch size 
In seasonal environments, the breeding date of small insectivorous birds must be tightly 
synchronized with the narrow temporal window of the spring peak in insects, which itself 
depends on the spring development of vegetation. The caterpillar peak date occurred at 
approximately the same date in the mainland and island landscapes for each of the 
deciduous or evergreen habitat types. As a result, the seasonal differences in leaf 
development between the two species of oaks translates into an optimal laying date, 
illustrated by the dotted lines in figure 2a. Ideally, chicks should be about 9 to 11 days old 
at the peak of caterpillar abundance, because chicks raised before or after this peak date 
are in poor body condition and have low prospects of survival (Dias and Blondel 1996, 
Blondel et al. 2001, Thomas et al. 2001a). The selective advantage of timing the breeding 
process relative to local food abundance can be portrayed as the ratio of the amount of 
food available in the habitat to the quantity of food and energy that parents must harvest 
to meet the growth requirements of their young (Tremblay et al. 2003). Blue tits breeding 
in the mainland deciduous and island evergreen habitats optimize this ratio by timing egg 
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laying such that their peak nestling food demand occurs when caterpillars are the most 
plentiful. The later and smaller food peak in the island evergreen habitat makes 
populations breeding there lay three to four weeks later and produce clutches 30% to 40% 
smaller than those in the mainland deciduous oak forest (table 1, figure 2b). Breeding 
success, estimated as the proportion of eggs producing surviving offspring, is similar in 
the two populations. 
If birds that settle and breed in patches of the less common oak type in each landscape 
(evergreen on the mainland, deciduous on Corsica) equally optimized the supply-demand 
ratio of food, they would start to lay eggs approximately one month later in the evergreen 
than in the deciduous habitat on the mainland, and one month earlier in the deciduous 
than in the evergreen habitat on the island. However, this is not the case: Three mainland 
populations (secondary mainland evergreen, populations MEsa, MEsb, and MEsc in 
figure 2a) and one island population (secondary island evergreen, IEsb in figure 2a) 
breeding in evergreen habitats near the main deciduous habitats started laying earlier than 
would be expected if their breeding were optimally timed. In addition, one Corsican 
population breeding in a deciduous habitat (secondary island deciduous, IDs in figure 2a) 
near the evergreen habitat started to breed too late. As a consequence of this offset 
between the time of peak caterpillar abundance and nestling demand, their breeding 
success was lower and fledglings were lighter, with lower prospects of being recruited 
into the population. 
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Figure 2. Phenotypic variation of laying date (a) and clutch size (b) for blue tits, plus or 
minus one standard deviation. The horizontal dotted lines in panel a indicate the best date 
for the onset of breeding relative to food availability in deciduous (D) and evergreen (E) 
habitats, respectively. Abbreviations: IDc, main island deciduous habitat; IDs, secondary 
island deciduous habitat; IEc, main island evergreen habitat; IEsa and lEsb, secondary 
island evergreen habitats; MDc, main mainland deciduous habitat; MDsa, secondary 
mainland deciduous habitat; MEsa, MEsb, and MEsc, secondary mainland evergreen 
habitats. Modified from Blondel and colleagues (2001). 
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On average, blue tits produced larger clutches in deciduous than in evergreen habitats, 
and larger clutches on the mainland than on Corsica (table 1, figure 2b). In addition, 
clutch size was lower in the less common evergreen habitat on the mainland and higher in 
the less common deciduous habitat on Corsica than in the respective main habitat of each 
landscape. For both laying date and clutch size, phenotypic variation between habitats 
was much larger on the island (figure 2a, 2b), a feature we will discuss later. In the 
mainland landscape, birds started laying eggs within a range of 9 days, as compared with 
29 days in Corsica. 
Breeding success and the growth and development of chicks 
Comparing breeding success between deciduous and evergreen habitats that are close to 
one another revealed that blue tits fledged on average 10% to 15% more offspring in the 
caterpillar-rich island deciduous habitat than in the caterpillar-poor island evergreen 
habitat (table 1, figure 3). In addition, nestlings in the island deciduous habitat were 0.5 to 
1.0 g heavier at fledging. A consistently better breeding performance in deciduous oak 
forests than in evergreen ones has been explained by Tremblay and colleagues (2003), 
who demonstrated that the relationship between breeding success and food abundance is 
not linear but follows a saturation curve. Fledgling mass and survival reach a plateau 
above a certain level of food abundance, which corresponds to the highest ratio of food 
supply to demand (that is, as much food as the nestlings can process; figure 3). Up to 
about 500 milligrams (mg) frass per m2 per day, fledgling mass is tightly correlated with 
the number of caterpillars available, but above this value, which is usually met in 
deciduous oakwoods, food is superabundant. The food-processing capacity of fledglings 
appears to saturate, with the result that fledgling mass is independent of food abundance 
(Thomas et al. 2001b). 
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Three parameters were used to measure the effect of variation in food abundance, namely 
(1) the peak in caterpillar frass production, (2) the offset between the caterpillar peak and 
the peak nestling demand, and (3) clutch size, which is an indication of the workload of 
parents tending their chicks. Any variation of these variables had significant effects on 
breeding performance in the caterpillar-poor island evergreen habitat, but not in the 
caterpillar-rich island deciduous habitat. An illustration of this effect is the steep slope of 
fledging success and fledgling mass (figure 3) as long as caterpillar abundance is below 
500 mg frass per m2 per day. On average, the maximum biomass of the brood varied from 
approximately 59 g in the poor evergreen habitat (6.3 chicks * 9.3 g) to approximately 86 
g in the rich deciduous habitat (8.3 chicks x 10.4 g), but at the same time the supply-
demand ratio increased from 1.6 to 16.2 over the same habitat gradient (Thomas et al. 
200lb, Tremblay et al. 2003). 
Because correlation does not necessarily imply causation, we experimentally enlarged a 
sample of broods to test the causal nature of these differences in habitat quality on 
breeding performance and nestling growth and survival. In the caterpillar-poor evergreen 
forest, adding three chicks to nests significantly decreased chick growth and survival, and 
also decreased the body mass of the parents, which had to work harder to feed these extra 
chicks. By contrast, brood enlargement had no effect, either on chicks or on adults, in the 
caterpillar-rich downy oak forest (Tremblay et al. 2003). 
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Figure 3. Variation in mean annual fledging success and fledgling mass (in grams) with 
increasing food supply in deciduous habitats (squares) and evergreen habitats (dots). 
Curves indicate saturation functions fitted to the combined data for evergreen and 
deciduous habitats. The intersection of linear regressions through data for island 
evergreen and island deciduous habitats indicates the level of caterpillar abundance 
(about 500 milligrams per square meter per day) at which fledging success and fledgling 
mass are maximized. Modified from Tremblay and colleagues (2003). 
Food and foraging patterns 
Caterpillars are the preferred prey of blue tits, presumably because they are easier than 
many other invertebrates to manipulate and ingest, and possibly because they contain 
more water (85% for caterpillars, as compared with 73% for spiders, for example), which 
may be important in the hot, dry Mediterranean environment. Video recordings inside 
nest boxes when nestlings were 9 to 13 days old provided data on the nature and size of 
prey in 26 nests (8 in island deciduous and 18 in island evergreen habitats), as well as on 
provisioning rates. Caterpillars constituted the bulk of prey, amounting to 82.4% (± 
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9.9%) and 73.6% (± 16.2%) of prey items in the deciduous and evergreen habitats, 
respectively. Whenever caterpillar abundance falls below a value of approximately 160 
mg frass per m2 per day, blue tits diversify prey items and switch to other, less profitable 
prey, such as spiders, grasshoppers, homopterans, or even ants (Banbura et al. 1994). 
When food is plentiful, tits forage within a short distance, usually not farther than 100 m 
from their nest (Naef-Daenzer et al. 2000, Tremblay et al. 2005). Because food is much 
scarcer in evergreen habitats than in deciduous ones, we expected a larger foraging range 
in the former than in the latter, along with a decrease in provisioning rates as foraging 
distances and search times increase. Tremblay and colleagues (2005) radio-tagged a 
sample of birds and showed that parent tits indeed foraged much closer to their nest in the 
deciduous habitat (25.2 ± 12.3 m on average) than in the evergreen habitat (53.2 ± 22.9 
m). However, they made more foraging trips in the deciduous than in the evergreen 
habitat (36.5 ± 10.5 versus 17.0 ± 4.5), resulting in similar commuting distances per hour 
in the two sites (1840 and 1809 m, respectively). Birds in the evergreen habitat, which 
made fewer but longer trips, were forced to patrol surface areas over four times larger 
(7854 m2) than those covered by birds in the deciduous habitat (1963 m2). Interestingly, 
prey size was 73% larger in the evergreen habitat (0.19 ± 0.05 cubic centimeters [cm3], as 
compared with 0.11 ± 0.04 cm3 in the deciduous habitat). All in all, larger prey size and 
fewer chicks made the total amount of food delivered to each chick similar in the two 
habitats (0.36 ± 0.12 cm3 per hour for each chick in the deciduous and 0.39 ± 0.09 cm3 
per hour for each chick in the evergreen habitat). The similar biomass of prey provided to 
nestlings, due to larger prey size in the poor habitat, suggests that foraging parents 
increase prey selectivity as caterpillar abundance decreases. However, because the peak 
in caterpillar abundance occurs four weeks later at the evergreen site, when mean ambient 
temperatures are 2 degrees Celsius (°C) to 4°C higher, faster growth may result in a 
larger average size of caterpillars there. Parent tits have to provide food for a much 
greater chick biomass in the deciduous than in the evergreen habitat (39% higher in a 
three-year study by Tremblay and colleagues [2005]), but this is not a problem for them, 
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since the caterpillar abundance was 581% higher there than in the evergreen habitat 
during the years of the study. 
Morphology 
Independent of the differences in size between the mainland and insular subspecies of 
blue tit, adult birds are usually larger and heavier in caterpillar-rich deciduous than in 
caterpillar-poor evergreen habitat patches both on the mainland and on the island of 
Corsica (table 1). The question arises of whether these differences are genetically 
determined or are a proximate response to differences in conditions during development. 
Body condition, estimated by fledgling mass and hematocrit levels, differed depending on 
the levels of parasite infestation. We suspected that these differences between parasite-
free and heavily parasitized chicks were the result of genetically determined responses to 
parasite-mediated selection, allowing birds to evolve developmental traits that buffered 
the negative effects of parasites (Simon et al. 2005). 
To test this hypothesis, we partitioned phenotypic variation into genetic and 
environmental components by using cross-fostering experiments, with the resulting 
broods containing chicks from the two study sites, evergreen and deciduous. Half of the 
experimental broods were deparasitized. Although the chicks from the deciduous 
woodland were significantly heavier than those from the evergreen woodland at the 
beginning of the cross-fostering experiment (day 4), mean asymptotic mass and 
hematocrit levels of deparasitized experimental broods did not significantly differ 
between chicks from the two habitat types. This experiment showed that environmental 
constraints, primarily the abundance of caterpillars and parasites, rather than adaptive 
genetically determined differences underlay differences in the size and hematocrit of 
nestlings. Similarly, Braillet and colleagues (2002) noticed that differences in body mass 
between adults from these two populations disappear when they are maintained with food 
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ad libitum in an aviary environment. Thus, the most likely factor for explaining higher 
mass and larger size in deciduous habitat is the difference in food that favors growth in 
the richer habitat, leading to environmentally induced phenotypic plasticity. 
Subtle mechanisms may influence body size and shape. In a study of sexual size 
dimorphism, small adult males were shown to have a higher breeding success than large 
males in the evergreen Corsican site, whereas the opposite was true in the deciduous site 
on the mainland (Blondel et al. 2002). This pattern was attributed to the advantage for 
males of being small when food is scarce, since small size is a means of saving energy 
and favoring maneuverability while foraging (Mosher and Matray 1974). Small males 
could be especially favored in the heavily parasitized populations, where chick 
provisioning is their prime responsibility, while females spend a considerable amount of 
time on nest sanitation. 
These patterns suggest that in evergreen habitat, natural selection acts in opposite 
directions depending on life stages, with higher recruitment for larger male chicks, but 
higher reproductive success for smaller breeding males. This would result in fluctuating 
selection through different life history components, making it unlikely that an 
evolutionary response to selection on body size would be observed (Charmantier et al. 
2004a). 
Parasitism as a factor of phenotypic variation 
Different kinds of parasites occur in all our study populations, but rates of infestation and 
their consequences vary extensively both within and between populations, adding one 
more cause of phenotypic variation. The most common and aggressive parasites are the 
blood-sucking larvae of the blowflies Protocalliphora azurea and Protocalliphora 
falcozi, with some blue tit populations living in evergreen holm oak habitats on Corsica 
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suffering the highest prevalence and intensities of these parasites so far recorded in 
Europe. Parasite prevalence in our island evergreen population usually reaches more than 
90% of the nests, and infestation levels can reach as many as 15 larvae or 3 g per chick 
(Hurtrez-Bousses et al. 1997). 
These larvae attach to the edge of the wing, leg, or bill of a chick and rasp a hole in its 
skin to feed on blood. They have various detrimental effects on chicks, including reduced 
body mass, tarsus length, hematocrit, postfledging survival (Hurtrez-Bousses et al. 1997), 
and aerobic or metabolic capacity (Simon et al. 2004). Video recording inside the nest 
box revealed that parasite-free nestlings spend most of their time resting quietly and 
preening while waiting for food, whereas infested nestlings constantly move, scratch, and 
apparently try to escape the bites of parasites by perching on the nest margins. The 
frequency of parental visits is approximately 65% higher in parasitized nests, with an 
unbalanced contribution of the two parents. Males strongly accelerate their feeding rates 
(from 4.5 visits per chick per hour in unparasitized nests to more than 7.5 visits in 
parasitized nests; Hurtrez-Bousses et al. 2000), while females spend a large amount of 
time on nest sanitation (increased from 5% in unparasitized broods to more than 17% in 
infested nests). Parasites are especially harmful when food is scarce, but their effects are 
partially or totally alleviated when food is abundant, which always occurs in the 
deciduous habitats (Simon et al. 2004). Stressful conditions imposed by parasites may 
have additional effects, such as decreasing the heritability of size-related traits, as shown 
in several species of birds (Merila 1997). Van Noordwijk and colleagues (1988) 
demonstrated that heritability of body size is higher under good conditions, and, in a 
nine-year manipulation of parasite loads in our heavily parasitized population of Corsica, 
Charmantier and colleagues (2004b) demonstrated that the heritability of tarsus length 
was significantly higher in deparasitized broods (h2 = 0.91 ± 0.09) than in control 
parasitized broods (h2 = 0.53 ± 0.14). This finding provided the first evidence that host 
quantitative genetics can be influenced by parasitism. Although heritability does not 
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necessarily mean evolvability, this effect illustrates the potential for parasitism to 
constrain an evolutionary response to selection. 
Moving across habitat patches 
Environmental heterogeneity raises the question of how, why, when, and to what extent 
individuals move and disperse between habitat patches that differ in structure and quality. 
While an individual's ecological context might be the habitat within which it grew or 
currently lives, its evolutionary context includes all the habitats experienced by its 
ancestors at the scale of a landscape (Holt and Gaines 1992). Dispersal was expected to 
differ between the mainland and Corsica because it is well known that dispersal is usually 
reduced in islands, potentially reducing gene flow and increasing the potential for local 
specialization. Movements of blue tits within and across landscapes may be addressed by 
various approaches, including the response of traits to habitat-specific features, 
recruitment, habitat selection, genetics, and dispersal, a key trait for analyzing issues on 
phenotypic variation. Given the average dispersal range of small forest birds such as tits, 
which is about 1 to 2 km from their natal site, the distance between habitat patches within 
our study landscapes is often shorter than the potential natal dispersal range of birds. In 
landscapes characterized by woodlots interspersed with crop fields or pastures with clear-
cut boundaries, blue tits are usually reluctant to fly over open spaces, but our 
Mediterranean landscapes are mixtures of woodland, scrubland, and edges connecting 
habitats so that tits can freely disperse over very large distances. 
What are the causes, the costs, and the consequences of a mismatch between peak 
food demand and the peak of local food resources? 
About half of the birds breeding in our study sites each year were not locally born. We 
have few indications of where they come from, but it is likely that many birds born and 
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raised in one habitat type disperse to the other. This could result in local maladaptation if 
breeding traits that evolved in one habitat type are not plastic enough to cope with the 
characteristics of the other habitat type. Is it possible that the time lag between food 
demand and food supply that results in a low supply-demand ratio and in food shortage 
produces a source-sink population structure? In that case, more birds would emigrate 
from the more common to the less common habitat than the reverse, as a result of poor 
breeding performance in the latter. This question was addressed using fingerprinting of 
minisatellite loci that allowed us to estimate the degree of genetic differentiation of 
individuals within and between local populations. Using samples from several supposedly 
source (deciduous) and sink (evergreen) habitats over a landscape of 20 km2 in the 
mainland landscape, Dias and colleagues (1996) found greater genetic differentiation of 
individuals between different source habitats than between sources and sinks. This was an 
indication that birds from the two habitat types, sources and sinks, belonged to the same 
local population, and that these habitats are linked through dispersal. Indeed, 
asymmetrical dispersal, from more common habitats where birds are locally specialized 
to less common habitats where birds do not breed at the best time because of gene flow, 
is the most parsimonious hypothesis for explaining the observed patterns. Even if half the 
offspring born in a sink habitat remained in their natal habitat, their number would not 
compensate for the continuous flow of birds immigrating from sources and thus 
preventing adaptation to the sink (Holt and Gaines 1992). However, whatever the extent 
of the mismatch between food demand and food supply in the maladapted populations, 
there is some evidence of habitat tuning in the less common habitat patches of each 
landscape, because birds start to breed slightly later in the evergreen mainland sites 
(secondary mainland evergreen, populations MEsa, MEsb, and MEsc in figure 2a) and 
slightly earlier in the secondary island deciduous study site (IDs in figure 2a) than in the 
corresponding commoner habitats of each region. The same is true for clutch size, which 
is always larger in deciduous than in evergreen habitats, with intermediate values in the 
less common habitats of each landscape (figure 2b). These shifts in breeding time and 
clutch size are an expression of phenotypic plasticity within a window that allows birds to 
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compensate, but only to a limited extent, for the large offset between food supply and 
demand. 
The pattern in which early-breeding phenotypes overflow from deciduous oak woods into 
less common patches of evergreen oaks, where birds miss the best time to breed, provides 
a unique, quasi-experimental opportunity to explore the energetic and fitness costs of 
supply-demand offset. Since an offset between food supply and demand must be 
mediated by parents that have to work harder to meet their own requirements and those of 
their young, we also measured the physiological cost of this offset for adults in terms of 
metabolic effort. This effort of adults has been assessed by measuring the amount of 
energy needed for rearing chicks, while their metabolic effort has been assessed through 
an estimation of the ratio between field metabolic rate (FMR) and basal metabolic rate 
(BMR), using doubly labeled water (2H2 180) with joules as a currency of energy. This 
ratio, calculated as FMR/BMR over time periods of 24 hours, was shown to increase 
strongly as the offset between breeding date and caterpillar peak increased (Thomas et al. 
2001a). 
Comparing well-synchronized pairs in the main evergreen site on Corsica with 
unsynchronized pairs in a mainland secondary evergreen site, the daily unit cost for 
rearing young (per gram of nestling mass) was on average 1.01 kilojoules (kJ) per adult 
per day in Corsica and 2.59 kJ per adult per day in the unsynchronized continental 
broods, an increase of more than 100%. The metabolic effort of adults increased from 
4.91 x BMR in the most synchronized to 6.96 x BMR in the most unsynchronized 
continental birds, but averaged only 3.45 x BMR in Corsica. This high metabolic effort 
of unsynchronized birds was associated with low survival and persistence in the breeding 
population and with lower future reproductive prospects for breeding pairs in 
unsynchronized populations (1.35 years for both males and females) compared with 
synchronized pairs (females, 2.16 years; males, 2.23 years; Thomas et al. 2001a). 
Whenever tits adequately synchronize their breeding time to the peak of caterpillar 
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abundance, they work at a level that is typical for breeding birds when provisioning their 
young, around 3 to 4 x BMR (Nagy 1987). In contrast, birds that miss this optimal 
breeding time have to work far beyond what appears to be their sustainable limit. 
Why is there higher phenotypic variation in Corsica than on the mainland? 
Imagine that Corsica were not an island. Because the geographic configuration of habitat 
patches within landscapes is similar on the mainland and in Corsica (figure 1), 
phenotypic variation in both breeding and morphometric traits would be expected to be 
similar in the two regions (table 1, figure 2). In Corsica, one might expect a pattern of 
mismatching between the breeding time and the peak of caterpillar abundance similar to 
that on the mainland, but tending in the opposite direction, with populations in deciduous 
habitats being maladapted because evergreen oaks dominate the landscape on the island 
(whereas the reverse is true on the mainland). However, this is not the case, because the 
breeding time of tits is closely synchronized with the caterpillar peak date in both the 
deciduous and the evergreen insular habitats, which are only 25 km apart. In addition, 
birds from these two populations differ in a number of traits (table 1; Lambrechts et al. 
1997a, Blondel et al. 1999). Thus, with a one-month lag in their breeding time, these two 
island populations differ exactly as did the genetically isolated mainland deciduous and 
island evergreen populations discussed above. This provides a striking example of an 
adaptive response of life history traits to habitat-specific selection regimes that operate on 
a scale much smaller than the scale of dispersal and potential gene flow. This finding is 
especially interesting because there is no barrier to dispersal in these landscapes, which 
do not include open spaces that birds would be reluctant to fly over. 
The most likely explanation for this difference between the mainland and island patterns 
is that dispersal rates strongly differ between the two regions. What sets Corsican 
populations apart from those on the mainland, and explains their larger variation in 
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phenotypic traits, is the reduced dispersal in island birds, a component of the so-called 
insular syndrome that has been shown to occur in Corsican birds (e.g., Blondel et al. 
1988, 1999). Stronger habitat fidelity in Corsica than on the mainland, combined with 
presumably habitat-specific assortative mating, results in lower dispersal rates and lower 
gene flow on this island. 
Is genetic variability geographically coherent with phenotypic variation? 
The large phenotypic variation observed in so many traits raised two questions. First, 
what is the extent of genetic variation between these populations at both interregional and 
intraregional spatial scales? Second, how do populations respond to the contrasting 
selection regimes they experience in the two habitat types? 
The first question was addressed by exploring the genetic structure of populations in five 
evergreen and four deciduous habitat patches on Corsica, and eight deciduous patches on 
the mainland. Using DNA amplification techniques with seven microsatellite loci, which 
proved to be highly polymorphic (13 to 26 alleles), Charmantier (2000) genotyped 314 
blue tits and found several patterns of genetic differentiation. With a Wright's statistic 
(Fst) of 0.031 (P < 0.0001), which reflects the degree of differentiation among 
populations, Corsican populations are clearly differentiated from those of the mainland. 
Within Corsica, a significant, albeit small, differentiation was found between our main 
island deciduous and island evergreen sites (Fst = 0.007 to 0.011, depending on years; all 
P < 0.02), and annual Fst within nine Corsican populations varied from 0.015 to 0.021 
(compared with 0.0086 for eight mainland populations; Dias et al. 1996). Thus, although 
the F^ values remain small, the prediction of some genetic structuring in Corsica as a 
result of low dispersal on the island is supported. 
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Although significant, the genetic differentiation between the main deciduous-dwelling 
and evergreen-dwelling Corsican populations did not exceed 1%, a very small value that 
contrasts with the large interpopulation phenotypic variation described above.A likely 
explanation for this weak genetic differentiation is that neutral markers have not yet 
tracked the evolution of diverging phenotypic traits because it has been too recent, too 
rapid, or both. Although microsatellites are rapidly evolving markers and hence are 
sensitive for detecting intraspecific differentiation, adaptive evolution at gene 
combinations determining fitness-related traits may have occurred exceptionally quickly, 
with potentially little change occurring in the neutral regions of the genome. This finding 
is not surprising, because an increasing number of studies from a wide range of taxa show 
that natural selection can produce rapid adaptive morphological divergence in the absence 
of discernible differentiation at neutral DNA loci (Orr and Smith 1998). 
We addressed the second question using analyses based on selection and quantitative 
genetics in the three main study areas on the mainland and in Corsica, where long series 
of pedigrees were available. We estimated directional (and stabilizing or disruptive) 
natural selection on morphometric traits (tarsus length and body mass) using local 
recruitment as a measure of fitness (Charmantier et al. 2004a). Expected responses to 
selection (R) were predicted using heritability estimates (h2) and selection differentials 
(5), from the equation R = h2S. Following the rationale of Hoffmann and Merila (1999), 
we expected the variance components of morphometric traits to vary between 
populations, with heritability values decreasing as environmental conditions became 
more constraining. In the three populations, heritability values were significant for tarsus 
length and body mass, with a trend of higher h2 for body mass as habitat quality 
increased. Significant selection differentials on tarsus length and body mass were found 
in two study areas, with a predicted increase of 0.18 g per generation in the mainland site. 
However, despite significant heritability and selection, no significant change was found 
over time on this trait or on tarsus length in any population (Charmantier et al. 2004a). 
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Many factors may explain why traits have considerable additive genetic variance, appear 
to be under directional selection, and yet do not evolve (Kruuk et al. 2001, Merila et al. 
2001). One bias in estimates of heritability may come from the occurrence of extrapair 
paternity, which proved to be fairly common in these populations, ranging between 12% 
and 29% of the chicks. However, recent simulations have shown that heritability of 
morphometric traits, typically above 0.20, will not be seriously biased by this range of 
misassigned paternities (Charmantier and Reale 2005). At most, extrapair paternity would 
make the discrepancy between expected and observed response to selection stronger. 
Another potential explanation for the stasis of heritable selected traits is gene flow across 
habitats, which can constrain evolution if selection on the focal trait operates in opposite 
directions in two neighboring habitats. A genetic correlation might also constrain 
evolutionary response when the two sexes are subject to opposite selection pressures. 
This could happen in some of our populations, for example, in the evergreen island 
population, where the determination of sexual size dimorphism results in selection for 
small size in males and large size in females (Blondel et al. 2002). Finally, the absence of 
evolutionary response to selection on body size could result from genetic correlation with 
other targets of selection, for example, other unmeasured traits (Lande and Arnold 1983). 
One approach for extending our understanding of the differentiation between populations 
would be to compare the genetic differentiation for neutral markers (Fst) with the degree 
of differentiation for quantitative traits, using Qst statistics, which are the counterparts of 
Fst for quantitative traits (see, e.g., Merila and Crnokrak 2001). Higher values of Qst 
(phenotypic variation) than of Fst (genetic variation) would confirm that the quantitative 
trait differentiation we observe does not result from genetic drift alone, but is the outcome 
of natural selection. 
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Phenotypic plasticity or local specialization, or both? 
Two mechanisms may produce variation of phenotypes. First, phenotypic plasticity 
occurs when genetically identical organisms reared in different environments display 
quite different phenotypes. Second, variation of phenotypes can result from local 
specialization, which is the evolution of traits that have been selected in a given 
environment and that do not change if the organism migrates to another environment. 
Both phenotypic plasticity and local specialization are adaptive responses to 
environmental variation and are subject to selection. Several factors, including the scale, 
amplitude, and variation of environmental heterogeneity, determine which of these two 
mechanisms is selected for. 
Demonstrating adaptive responsiveness to local environmental cues 
Our study system represents an extreme case of habitat heterogeneity and divergent 
selection regimes at the landscape scale for small passerines in temperate habitats. The 
most fascinating feature of the story, with a cascade of consequences on life histories, is 
the one-month difference in blue tits' breeding time depending on which oakwood 
morpho-type they settle in. Experiments were necessary to determine whether this 
difference in the onset of breeding was a plastic response of phenotypes or resulted from 
genetic differentiation in response to local selection regimes. We undertook four 
experiments in aviaries in Montpellier, in which we submitted hand-raised chicks of late-
breeding tits from evergreen Corsican habitat and early-breeding tits from deciduous 
mainland habitat to different artificial or natural photoperiods (figure 4; Lambrechts et al. 
1997b). 
The timing of the first clutches of our captive tits differed between different treatments as 
follows: (a) The one-month difference in laying date remained when these captive birds 
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were allowed to breed under natural spring photoperiods, suggesting that populations 
differed in their response to photo-period, (b) Birds advanced their breeding time but still 
kept their one-month difference in laying date when they were exposed to an artificially 
early spring photoperiod beginning in November, (c) When birds were exposed in 
December to an artificially long day length exceeding that at which they normally breed, 
they responded by advancing their breeding date, but the one-month difference in laying 
date disappeared. This shows that the one-month offset was not due to a difference in the 
rate of gonadal development, (d) The same treatment performed in summer instead of 
winter gave a similar result. These experiments showed that mainland and island blue tits 
can start breeding at any time of the year when submitted to a suitable photoperiod, 
whether artificial or natural, and that differences in the timing of breeding are due to a 
genetic difference in their photoperiod response that corresponds with the one-month 
offset in the timing of food availability in the natal habitat. 
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Figure 4. Onset of egg laying (mean in Julian dates; 1 January = 1 , 1 February = 32) of 
captive blue tits from mainland (mainland deciduous) and Corsican (island evergreen) 
habitats breeding in outdoor aviaries. Birds were submitted to four different changes in 
photoperiod, starting at different periods in the year. Treatment A consisted of natural 
light and was used as a control. In treatment B, a progressive increment of artificial light 
simulating spring development was initiated in November. In treatment C, birds were 
submitted to a step change in artificial photoperiod, simulating the long day length 
prevailing in Corsica when the population starts to breed. In treatment D, birds were kept 
indoors with a nine-hour photoperiod and then placed in outdoor aviaries with natural 
photoperiodic conditions. Numbers represent sample size. Data are from Lambrechts and 
colleagues (1997b). 
The antagonism between selection and gene flow 
Intraspecific variation at small spatial scales has long been thought not to occur in such 
mobile organisms as birds, because dispersal and gene flow across habitats were assumed 
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to prevent evolutionary differentiation (Slatkin 1987). Our blue tits on the island of 
Corsica are particularly interesting because they exhibit cases both of maladaptation and 
of local specialization. Blue tits in the deciduous and evergreen main habitats, which are 
only 25 km apart, behave as though they were locally specialized and genetically isolated. 
This is a striking avian example of the adaptive response of a series of life history traits to 
habitat-specific selection regimes that operate on a scale much smaller than the scale of 
potential gene flow. Supporting a large body of theoretical work (e.g., Hedrick 1986), this 
case study supports the "divergence with gene flow" model of speciation, according to 
which reproductive isolation can evolve between populations connected by gene flow 
whenever divergent selection is strong relative to gene flow (Rice and Hostert 1993). The 
contrast between a weak genetic differentiation of molecular markers between these two 
populations of tits and the local structuring of several phenotypic traits suggests that 
divergence results from directional selection counteracting gene flow, rather than from 
geographic isolation. In the tug-of-war between gene flow and local specialization, which 
has also been found in fish (Nagel and Schluter 1998) and bird species (Smith et al. 
1997), the intensity of selection determines the outcome of the two opposing forces. This 
explains why local, genetically based specialization can occur despite gene flow, but only 
when directional selection acts on a trait with high selective value. Recently, Garant and 
colleagues (2005) elegantly demonstrated in the great tit {Parus major), a close relative 
of the blue tit, that nonrandom gene flow can sometimes maintain and reinforce 
phenotypic and genetic differentiation. 
Reaction norms 
On a regional scale, each population of blue tits is specialized to the more common 
habitat, with, so to speak, a "deciduous oak genotype" on the mainland and an "evergreen 
oak genotype" in Corsica (figure 5). In the less common habitats within each landscape, 
birds are clearly maladapted, because they mismatch breeding with the peak of caterpillar 
supply—with the remarkable exception of Corsica discussed above, where blue tits are 
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equally well adapted locally to the two species of oak. In all the mismatched populations 
(three on the mainland and two in Corsica, with their laying date falling between the two 
dotted lines shown in figure 2a), the "window" of phenotypic plasticity appears not to be 
wide enough to allow immigrating individuals to fully compensate for the large (one-
month) difference in the local timing of food resources. Thus, wherever habitat 
patchiness is a mixture of deciduous and evergreen patches, the resulting reaction norm 
includes local specialization, phenotypic plasticity, or local maladaptation, depending on 
the size of habitat patches relative to the average dispersal range of the birds. Although 
there must be high selection pressures in suboptimal habitats for either local 
specialization or phenotypic plasticity, response to selection is weak, because habitat 
patches and tit population sizes are too small to prevent the effects of gene flow from 
nearby source habitats (Postma and van Noordwijk 2005). Figure 5 summarizes the 
patterns resulting from a reaction norm approach applied to laying date: The two parallel 
lines, which correspond to a deciduous genotype for blue tits on the mainland and an 
evergreen genotype on the island of Corsica, are reaction norms of locally specialized 
populations. In addition, each of these genotypes can be expressed through some degree 
of phenotypic plasticity both in time and space. Variation in laying date around the mean 
is the year-to-year proximate response to variation in various factors such as temperature 
or food. Variation in space is a response to habitat-specific features, with birds starting to 
breed consistently earlier in deciduous habitats than in evergreen habitats and aviaries. 
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Figure 5. Reaction norms, specialization, and phenotypic plasticity of blue tits for the 
onset of breeding. The two distinct lines obtained for the mainland and the island birds 
when the average laying date is plotted against habitat type can be interpreted as the mean 
reaction norm for each set of populations. The upper line corresponds to an "evergreen 
genotype" and the lower line to a "deciduous genotype." The variation of laying date 
around the mean (standard deviation) and across habitats (deciduous, evergreen, aviaries) 
is an expression of the phenotypic plasticity of the populations in space (habitats) and 
time (year-to-year variation expressed by standard deviation). Modified from Lambrechts 
and Dias (1993). 
Future prospects 
The example of blue tits in Mediterranean landscapes shows that the potential for 
selective spatial differentiation is greater than is usually appreciated. This gives support 
to the contention of Holt (1987) that habitat patches that differ strongly in quality and 
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phenology form temporally stable but spatially heterogeneous environments in which 
theory predicts selection for habitat fidelity, reduced dispersal, and the evolution of 
specialization. Geographic proximity does not necessarily imply similar adaptations, so 
that adjacent populations may be ecologically different, albeit genetically quite similar, or 
may even be genetically dissimilar, as recently shown by Garant and colleagues (2005). 
The recent impetus in integrative biology, which combines evolutionary ecology, 
behavioral ecology, molecular genetics, endocrinology, and evolutionary ecophysiology, 
offers many avenues for future research on this model. A number of specific points are 
worth addressing. First, it is important to analyze whether philopatric and immigrant 
birds constitute two distinct groups with different strategies. Do birds move randomly as 
a proximate consequence of density effects, or directionally as a strategy for improving 
their fitness in a new appropriate habitat? Similarly, examining the degree of habitat-
phenotype matching using stable isotopes (e.g., Hobson and Wassenaar 1997), trace 
elements, or both would allow us to examine to what extent tits are specialized to oak 
morphotypes, based on chemical signatures within the food web. 
Second, to explain the discrepancy between phenotypic variation and its genetic 
expression, it is useful to explore the Qst values of fitness-related traits. Comparing the 
degree of differentiation of polymorphic molecular markers (Fst) with that of quantitative 
traits (Qst) should give an insight into the relative roles of isolation, gene flow, selection, 
and random drift on the phenotypic variation of traits (Merila and Crnokrak 2001). 
Another objective is to develop a genetic map of the species in order to develop a QTL 
(quantitative trait loci) approach to identify key genes contributing to phenotypic 
variation. 
Third, habitat quality and the response of organisms to environmental variation, including 
global warming, should be assessed using an analysis of interhabitat developmental 
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instability (i.e., fluctuating asymmetry), which is often considered to be a biological 
monitor of environmental and genomic stress (Parsons 1992). 
Fourth, an interesting question is whether differences in life history measures between 
individuals are explained by processes occurring over short-term or longer-term 
timescales. For example, how much variation is due to behavioral plasticity, and how 
much to environmental, parental, or origin-specific effects? Detailed analyses of habitat-
specific responses of traits to selection, using quantitative genetics, should help answer 
these questions. If heritability decreases under stressful conditions (see Charmantier and 
Garant 2005), responses to selection should be weaker in constraining environments. 
A fifth point of interest is the size and geographical configuration of habitat patches, 
because understanding the conditions and scale under which spatial heterogeneity 
promotes or inhibits species diversity is a challenge of great importance. One crucial 
point will be to determine the threshold of frequency of habitat types and population sizes 
above which selection regimes will shift from specialization to one habitat to 
specialization to the other. New tools from landscape genetics (Manel et al. 2003) that 
combine landscape ecology and population genetics may provide information about the 
interaction between landscape features and microevolutionary processes such as gene 
flow, genetic drift, and selection. 
Finally, by advancing the phenology of budding, leaf production, and food supply, 
climate warming is expected to exacerbate the mismatch between food supply and 
nestling demand for a broad spectrum of terrestrial birds, until directional selection 
potentially adjusts laying date to new optimal dates (Visser et al. 2004). Breeding time is 
one of the many traits that will be affected by global change. The tempo and mode of all 
the microevolutionary processes that will be associated with this changing world will be 
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worth studying in detail if the consequences of these changes on the distribution and 
abundance of animals are to be predicted. 
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CHAPITRE II 
Contraintes energetiques et nutritionnelles a 
V effort reproducteur 
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CHAPITRE H 
Les travaux pionniers de Lack (1966) et Perrins (1970) ont revele que la disponibilite de 
nourriture dans l'environnement constitue le facteur principal de controle des traits de 
reproduction des oiseaux; les contraintes liees a 1'acquisition des ressources alimentaires 
influencent directement la capacite d'investissement dans la recrudescence des gonades et 
la formation des oeufs (hypothese de la contrainte alimentaire et energetique), affectant 
ultimement la qualite de la ponte ou la periode de declenchement de celle-ci. Pour la 
majorite des passereaux, la consommation quotidienne de nourriture durant la periode de 
ponte contribue a plus de 90% de Papport necessaire pour fournir l'energie et les 
proteines des oeufs {income breeders; Drent et Daan, 1980; Meijer et Drent, 1999). La 
disponibilite et la qualite de la nourriture presente dans l'environnenient peut done 
exercer une influence majeure sur l'investissement reproducteur. On a ainsi montre que la 
taille des oeufs (Arnold, 1991; Murphy, 1986; Nager et Zandt, 1994; Ojanen et al., 1981), 
de meme que la date de ponte (Brown et Li, 1996; Nager et van Noordwijk, 1995; 
Schoech, 1996; Seki et Takano, 1998) etaient correlees avec la disponibilite de nourriture 
dans Fenvironnement. Des experiences de supplementation de nourriture en periode pre-
ponte confirment d'ailleurs qu'une alimentation abondante et de qualite favorise un 
devancement du declenchement de la reproduction chez certaines especes (synthese dans 
Meijer et Drent (1999)). 
Neanmoins, ces effets peuvent etre assez limites si on considere que le devancement reel 
est le plus souvent de moins d'une semaine. Cette reponse est bien modeste si on 
considere la variation normale (inter-anuelle et inter-individuelle) de la date de ponte 
observee en condition naturelle. Ce constat amene done a s'interroger sur Fimportance 
reelle du facteur alimentation en tant que determinant majeur du controle de la periode de 
reproduction. II faut cependant garder a 1'esprit que la plupart des experiences de ce type 
se deroulent dans des conditions presumees optimales, c.-a.-d. des environnements 
favorables (type de vegetation, nourriture) permettant l'etablissement d'une densite 
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elevee d'oiseaux ayant acces a une grande variete/qualite de ressources. En effet, la 
plupart des experiences de supplementation ont lieu directement sur les sites d'etudes 
longitudinales, dont un des objectifs est evidemment d'assurer l'acces a un nombre 
maximal d'oiseaux de facon a assurer le succes des recherches qui s'y deroulent. Un 
biais dans la reponse des oiseaux a l'apport artificiel de nourriture peut done decouler de 
cette caracteristique particuliere aux sites designes pour ce type d'experience. De facon 
generate, on peut presumer que les contraintes ecologiques influencant les conditions 
alimentaires specifiques a un habitat doivent influencer d'une maniere ou d'une autre la 
reproduction des oiseaux. Quelques rares etudes suggerent d'ailleurs que le contexte 
ecologique (differences de qualite entre les territoires ou les annees) peut devenir un 
facteur important dans l'intensite de la reponse des oiseaux a l'ajout de nourriture 
(Dijkstra et al., 1982; Kallander et Karlsson, 1993; Svensson etNilsson, 1995). 
En Corse, cornme dans la plupart des environnements tres fragmentes et heterogenes, les 
oiseaux ont la possibilite de s'etablir dans des habitats tres contrastes et presentant des 
differences de qualite notables. On a vu precedemment que des differences majeures 
dans la disponibilite de nourriture entre les habitats de chene vert et ceux de chene blanc 
peuvent etre tres importantes et ont un impact majeur sur les capacites d'elevage des 
jeunes par les parents. Meme s'il est difficile de quantifier les ressources alimentaires 
disponibles aux oiseaux en periode hivernale, il est possible que les differences observees 
durant la periode d'elevage se manifestent aussi en periode pre-ponte, au moment critique 
ou les oiseaux doivent acquerir les ressources necessaires a la formation des ceufs. Dans 
ce contexte, il est possible que les contraintes alimentaires (si elles existent) liees a la 
reproduction apparaissent seulement dans les habitats pauvres de chene vert, ou dans 
d'autres contextes (ex. altitude) pouvant potentiellement limiter la disponibilite de 
nourriture. Par extension, les differences majeures dans les traits de reproduction (taille 
de ponte, date de ponte) entre les differents sites d'etude peuvent etre, en partie, le reflet 
de ces contraintes potentielles specifiques a 1'environnement de reproduction. 
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Nous soumettons done l'hypothese que le declenchement de la reproduction de la 
mesange bleue puisse etre controle par la disponibilite des ressources durant la periode 
pre-ponte, et que les differences de qualite liees a l'abondance de nourriture entre les 
habitats peuvent expliquer une partie de la variation phenotypique de ce trait de 
reproduction sur 1'ensemble du paysage Corse. Deux approches complementaires ont ete 
privilegiees. La premiere, essentiellement descriptive, avait comme objectif de quantifier 
les differences dans la composition et la qualite des oeufs (une earacteristique pouvant 
etre liee a la qualite de l'environnement) pondus en chene blanc et chene vert, permettant 
ainsi de determiner dans quelle mesure ce trait potentiellement sensible aux contraintes 
alimentaires pouvait varier entre les deux types d'habitat principaux composant nos sites 
d'etudes. La seconde approche visait a tester experimentalement l'effet de la 
disponibilite de nourriture sur la periode de declenchement de la reproduction. Nous 
avons precede a une experience classique de supplementation de nourriture, a la 
difference toutefois que nous avons porte une attention particuliere a comparer des sites 
fort contrasted quant aux caracteristiques de l'environnement, de maniere a couvrir le 
maximum de conditions rencontrees par les oiseaux. Nous croyons que cette approche 
permettra a la fois de mieux definir le role general de 1'alimentation sur le controle 
proximal de la ponte, tout en tentant de cerner les effets de l'heterogeneite de 
l'environnement sur la variation de l'expression de ce trait. 
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CHAPITRE Ha 
BETWEEN-POPULATION DIFFERENCES IN EGG COMPOSITION IN BLUE 
TITS (CYANISTES CAERULEUS) 
Description de Particle et contribution 
Si des contraintes alimentaires existent, elles devraient se refleter dans le produit fini 
d'une femelle: l'oeuf. L'oeuf est un condense des substances nutritives qui ont ete 
prelevees, digerees et assimilees par une femelle et constitue de ce fait un incroyable 
milieu offrant tous les nutriments indispensables au developpement de l'embryon (Carey, 
1983; Perrins, 1996). Le defi est grand pour la femelle qui doit quotidiennement acquerir 
les nutriments et Fenergie necessaires pour produire une ponte dont la masse totale est 
souvent plus elevee que son propre poids. La periode de ponte est par consequent une 
periode energetiquement eprouvante, peut-etre meme autant que la periode d'elevage des 
jeunes ou la periode d'incubation des ceufs dans certains contextes (Visser et Lessels, 
2001; Williams 2005). Un habitat qui n'offrirait pas les conditions optimales 
(disponibilite de nourriture) a la production de la ponte pourrait done grandement 
influencer la qualite de celle-ci. La composition biochimique de l'oeuf pourrait ainsi 
servir de temoin a 1'existence de contraintes alimentaires specifiques a un environnement 
donne. C'est certe voie que nous avons tente d'approfondir. Nous avons compare les 
traits morphologiques (volume, masse) et biochimiques (lipides, proteines) des ceufs dans 
les habitats contrasted de chene blanc et chene vert. L'objectif vise est done de verifier si 
les differences majeures des traits de reproduction (date de ponte, taille de ponte) entre 
les habitats de chene vert et chene blanc peuvent etre en partie expliquees par les 
differences de qualite environnementale specifiques a ces habitats, en utilisant certaines 
variables liees a la qualite des ceufs comme temoins de ces differences. 
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Abstract 
Egg production may be influenced by environmental conditions such as local climate or 
food availability, which may impose physiological constraints on the acquisition and 
mobilization of egg constituents. We analyzed egg composition of free-ranging female 
Blue Tits (Cyanistes caeruleus L., 1758) in both deciduous and evergreen oak habitats, 
which show large differences in temperature and food availability. We found marked 
inter-habitat differences in yolk mass, shell mass, protein content and the abundance of 
linolenic (18:3) and palmitoleic (16:1) fatty acids. A weak but significant decline in total 
lipid content, 14:0, 16:0 and 18:0 fatty acids through the laying sequence was also 
detected. To our knowledge, this is the first evidence of between-population differences 
in nutrient allocation in eggs for a wild passerine. These differences in egg composition 
could be viewed as the evidence of habitat-specific physiological and nutritional 
constraints, which in turn may contribute to the contrasting differences in timing of 
breeding and clutch size we observe between both habitats. Our results point out the 
importance of habitat differences in our understanding of the causes and consequences of 
inter-habitat phenotypic variation in breeding traits (timing of egg laying, clutch size) and 
variation in nestling traits such as growth and development 
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Resume 
La production des ceufs chez les oiseaux peut etre influencee par certaines contraintes 
environnementales affectant a la fois 1'acquisition et la mobilisation des composantes de 
l'oeuf, de telle maniere que les differences locales de climat ou de disponibilite de 
nourriture peuvent imposer des contraintes physiologiques specifiques a la production des 
ceufs. Nous avons analyse la composition des ceufs en milieu naturel des femelles de la 
mesange bleue (Cyanistes caeruleus L., 1758) dans des habitats ou il existe des 
differences importantes au niveau de la temperature locale et de la disponibilite de 
nourriture. Nous avons decele des differences inter-habitat marquees pour la masse du 
jaune d'ceuf, la masse de la coquille, le contenu en proteines et l'abondance de l'acide 
linolenique (18:3) et de l'acide palmitoleique (16:1). Une diminution faible mais 
significative du contenu total en lipides et des acides gras 14:0, 1 6 : 0 e t l 8 : 0 dans la 
sequence de ponte a aussi ete detectee. A notre connaissance, ceci est la premiere 
mention d'une difference inter-population dans la composition nutritive des ceufs chez un 
passereau en milieu naturel. Ces differences dans la composition des ceufs peuvent etre 
interpretees comme le temoignage de 1'existence de contraintes physiologiques et 
nutritives specifiques a un habitat donne, lesquelles sont susceptibles de contribuer a 
l'existence de differences marquees dans la periode d'initiation de la reproduction et dans 
la taille de couvee entre les deux habitats. Nos resultats montrent l'importance de 
considerer les differences de contraintes ecologiques entre les habitats pour comprendre 
les causes et les consequences de la variation phenotypique inter-habitat des traits de 
reproduction (initiation de la reproduction, taille de couvee) et de la variation des traits 
relies aux oisillons tels que la croissance et le developpement. 
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Introduction 
Understanding how environmental factors determine or constrain reproductive 
investment is a key issue in life-history theory. Recent research has focused on energetic 
and nutritional requirements of egg production and showed that ecological constraints 
related to climate, food and nutrient availability may have strong effects on reproductive 
output (Svensson and Nilsson 1995; Stevenson and Bryant 2000). Given that egg 
production is nutritionally demanding and that female energy expenditure during egg 
formation is probably at least as high as that during other phases of breeding (Williams 
2005), physiological limitations may thus impose trade offs and have short- and long-
term consequences under certain conditions (Monaghan et al. 1995; Nager et al. 2000; 
Nager et al. 2001; Visser and Lessels 2001). 
Central life-history traits linked to reproduction may be shaped by environmentally-
induced physiological limitations. For example, several studies have shown that variation 
in egg size can be explained in part by ecological factors such as ambient temperature 
(Saino et al. 2004; Hargitai et al. 2005; Pendlebury and Bryant 2005), food and nutrient 
availability (Valkama et al. 2002; Bidwell and Dawson 2005), habitat and territory 
quality (Potti 1993; Chabi et al. 2000), population density (Perrins and McCleery 1994), 
and intraspecific interactions (Verboven et al. 2005). These factors may influence the 
trend of decreasing or increasing egg mass in the laying sequence or the extent of within-
clutch variation in egg size (Ojanen et al. 1981; Nilsson and Svensson 1993). However, 
the effect of these factors on variability in egg size is generally small compared with the 
much greater variability (70%) found among individuals (Christians 2002). Egg size is 
thus a characteristic of individual females that shows a large heritable component (Van 
Noordwijk et al. 1981; Christians 2002), which may obscure the issue as to whether this 
trait could be used as an efficient measure of reproductive investment. 
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Other measures of egg quality may thus give better insights on physiological constraints 
during reproduction. For example, Williams and Miller (2003) observed a 6% decrease 
in egg yolk protein in female Zebra Finches (Taeniopygia guttata) that were forced to lay 
additional eggs, while there was no concomitant decrease in egg size. Given that laying 
birds have requirements for several specific nutrients, and considering that the capacity to 
acquire and mobilize at least some of these constituents (e.g., vitamins, minerals, 
carotenoids, immune factors, amino acids, fatty acids) may be affected by factors such as 
ambient temperature and diet (Surai and Sparks 2001; Speake et al. 1996; Saino et al. 
2004; Biard et al. 2005), nutrient-specific analyses of birds eggs may prove to be much 
more promising in the study of resource allocation during reproduction. 
Considerable attention has been paid to the description of gross composition (yolk mass, 
protein, total lipids and shell characteristics) of eggs in many species (Alisauskas 1986; 
Sotherland and Rahn 1987; Lessels et al. 2002; Ardia et al. 2006). However, detailed 
studies on micronutrient contents (e.g. fatty acid profiles) were mainly conducted in 
domestic species (Christie and Moore 1972; Surai et al. 1999; Kehui et al. 2004), or 
focused primarily on between-species differences in free-ranging birds (Surai et al. 2001; 
Speake et al. 2002) or on comparisons between wild and captive populations of the same 
species (Noble et al. 1996; Navarro et al. 2001). Moreover, very few studies have 
examined between-year variation in yolk composition within the same population 
(Hargitai et al. 2006) or inter-population differences on specific egg components in the 
wild (Horak et al. 2002). Because energy or nutritional constraints on egg production 
may depend on prevailing environmental conditions (Horak et al. 1995; Aparicio 1999), 
such studies would provide valuable information on the proximate causes of habitat-
related differences in egg composition. 
The main purpose of this study is to determine whether the nutritional composition of 
eggs in a free-ranging small passerine bird may vary with differences in habitat features 
and ecological constraints. Local differences in climate or food availability may impose 
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specific physiological limitations on the acquisition and mobilization of key nutrients. 
Nutritional quality of eggs may thus be a reflection of these habitat-specific energetic and 
nutritional constraints. Such data are therefore important in our understanding of the 
causes and consequences of variation in reproductive investment and success because 
differences in egg quality may be correlated with both inter-habitat phenotypic variation 
in breeding traits (timing of egg laying, clutch size) and nestling traits such as growth and 
development. Our primary goal here is not to explicitly demonstrate the functional 
significance of these differences, but rather to provide an overview of the extent of 
variation that may exist in nutritional composition of eggs, although we explore potential 
connections of this variation with some key components of reproduction. 
In this study, we examined variation in egg traits between two adjacent Corsican 
populations of Blue Tits (Cyanistes caeruleus L., 1758) that show marked differences in 
breeding traits (Blondel et al. 1999; Tremblay et al. 2003) and other life-history 
components such as fledging success, offspring quality and social dominance (Braillet et 
al. 2002; Lambrechts et al. 2004; Tremblay et al. 2005). Previous papers have argued 
that phenotypic variation in breeding time and clutch size between both populations is an 
adaptation to differences in environmental quality during the sensitive rearing period 
(Lambrechts and Perret 2000; Blondel et al. 2001, Tremblay et al. 2003). In this paper, 
we hypothesize that inter-habitat differences in pre-breeding conditions (temperature 
regime, food availability) could also influence the reproductive output of female Blue 
Tits through a difference in allocation of potentially critical components of eggs such as 
fat and protein. The high peak in caterpillar abundance in rich deciduous oak habitats, 
and the far lower abundance in poor evergreen oak habitats during the rearing period may 
be a reflection of food that is available to birds earlier during the pre-breeding period (see 
Blondel et al. (2006) for a discussion of the timing and significance of peak in caterpillar 
abundance during the nestling rearing period). In this context, differences in egg 
composition could be viewed as the evidence of habitat-specific physiological 
constraints, which in turn may contribute to some extent to the contrasting differences in 
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timing of breeding and clutch size we observe. Because nutritional factors are thought to 
be of primary importance in the maturation and growth of individuals (Schew and 
Ricklefs 1998), we also explore what implications these differences may have for nestling 
growth and fitness, which may be particularly important in a context of environmental 
heterogeneity. 
Materials and methods 
Study sites and populations 
We conducted this study in two Blue Tit populations in northern Corsica, France during 
the breeding season of 2003. One site (Muro: 42°33' N; 08°54' E; 350 m elevation) is 
dominated by deciduous downy oak forest (Quercus humilis) where Blue Tits generally 
lay large clutches (mean: 8.5 ± 0.6 eggs) in early April. In the other population (Pirio: 
42°34' N; 08°44' E; 200 m elevation), clutches are smaller (mean: 6.4 ± 0.4) and are laid 
approximately one month later (early may). Pirio is located only 24 km from Muro and is 
dominated by evergreen holm oak {Quercus ilex) forest. Because of the prevailing one-
month difference in breeding time, both populations are facing contrasting temperature 
regime at the time of gonadal growth and egg formation. We estimated ambient 
temperature experienced by birds by calculating the mean of daily average temperature 
during the month preceding mean laying date for each population in 2003, based on a 
climatological station located half-way from Muro and Pirio (Calvi airport). Ambient 
temperature was 11°C in the pre-breeding period (march) at Muro while it was 15°C 
during the pre-breeding period of Pirio (april). For detailed descriptions of study sites 
and breeding phenology see Lambrechts et al. (1997) and Tremblay et al. (2003). 
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Egg composition analysis 
To examine how the population of origin and position in the laying sequence affect 
parameters relating to egg size and composition, we collected eggs as they were laid, 
leaving the egg of the previous day in place to stimulate females to continue laying. We 
continued collecting eggs until nest desertion. As has previously been reported 
(Haywood 1993 a, 1993b), this procedure did not force females to lay larger-than-normal 
clutches at either site. Because captures during egg laying may result in premature clutch 
desertion by females, we chose not to capture the birds during this critical phase. For 
ethical reasons, egg removal was restricted to 7 and 12 clutches in the Muro and Pirio 
populations, respectively. 
For these known-sequence eggs, we first measured egg length and width using a digital 
calliper, and we measured egg and yolk mass with an electronic balance (Acculab Pocket 
Pro C/50 ± 0.002g) immediately after collection. The yolk was then preserved by adding 
0.005 ml of a 1% sodium azide solution and stored at 5°C until later analyses. We 
estimated egg volume with Hoyt's formula (0.51 x length x width2; Hoyt 1979). Egg 
shells were dried for 4 days and then weighed with an electronic balance. To measure 
protein content of 150 mg samples of yolk, we used the DC Protein assay kit (BioRad) 
which is a more sensitive and stable version of the Lowry method (Lowry et al. 1951). 
To measure total lipid content of 100 mg samples of yolk, we proceeded as follows. We 
first extracted yolk lipids in a 5:5:1 mixture (by volume) of chloroform, methanol, and 
water. We then transmethylated the recovered fatty acids using a 14% Boron trifluoride 
solution in methanol following Metcalfe et al. (1966). We separated the methyl esters on 
a HP6890 gas chromatograph following Muanamputu et al. (1997). We identified fatty 
acids and calculated its concentration by integrating the area under the resulting curve 
and comparing the position and amplitude to standards of known fatty acids. We 
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calculated the total lipid content of the yolk sample by the sum of individual fatty acids. 
Because we included all 14 to 20 carbon fatty acids our estimate of total lipid content is 
reliable. 
Statistical analyses 
Our data included repeated measures of egg composition for the same individuals. 
Therefore, we used linear mixed effects models (LME; Pinheiro and Bates 2000) in R (R 
Development Core Team 2005) to model each dependant variable with site, position in 
the laying sequence, and their interaction as fixed effects, including bird identity as a 
random factor to avoid pseudoreplication (Machlis et al. 1985; Leger and Didrichsons 
1994; Jenkins 2002). For model selection, we used the backward procedure where we 
withdrew non-significant terms based on the P-value associated with their F ratio value. 
For brevity, only final models are presented in the results. Values were In-transformed 
when necessary. Means ± 1 SD are presented unless stated otherwise. 
Results 
Clutch size in manipulated nests did not differ significantly from control nests at the same 
site in the same year (Muro: manipulated nests = 8.4 ± 0.5; control nests = 8.2 + 0.3; F\^6 
= 0.067, P= 0.796; Pirio: manipulated nests = 7.0 ± 0.3; control nests = 6.7 ± 0.3; Fh34 = 
0.870, P= 0.357). 
Neither egg mass nor volume showed a sequence-specific trend or a systematic difference 
related to the origin of the females (Table 1, Fig. 1). Egg size was similar across 
populations, so differences observed for other egg traits could not be explained by 
systematic between-population differences in egg size per se. 
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Egg shell mass strongly differed between sites (Table 1, Fig. 1), with Muro egg shells 
being on average 16% heavier (Muro= 0.079 ± 0.009g; Pirio= 0.068 ± 0.006g). Egg 
yolks were also significantly heavier (9%) at Muro (Muro= 0.255 ± 0.013g; Pirio= 0.234 
± 0.018g). Yolks from Pirio were rarely heavier but were often substantially smaller than 
those at Muro (Fig. 1). However, despite this apparently large range in yolk size, the 
within-population variance did not differ between the sites (Fi(n= 0.053; P= 0.821). 
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Table 1. Linear mixed model selection of different egg parameters of Corsican Blue Tits 
females in 2003, with origin (site), sequence of laying, and their interaction as 
independent variables, and female identity as a random term. Only significant terms were 
kept in each model, using the backward procedure for variable deletion. General model 
is: Y= Site + Sequence + Site x Sequence. A dash indicates that neither term had a 
significant effect on the dependant variable. An asterisk indicates that values were In-
transformed. Estimates (SE) is the effect size for non-transformed values. 
Dependant F Estimates Variance explained 
variables Term ratio df P (SE) (%) 
Random 
model* effectb 
Mass (g) 
Volume (mm3) 
Egg shell mass (g) 
Yolk mass (g) 
Proteins (mg/g) * 
Lipids (mg/g) * 
14:0 (mg/g)* 
16:0 (mg/g)* 
16:1 (mg/g) 
18:0 (mg/g) 
18:1 (mg/g) 
18:2 (mg/g) 
18:3 (mg/g)* 
-
-
Site 
Site 
Site 
Sequence 
Sequence 
Sequence 
Site 
Sequence 
-
-
Site 
-
-
26.54 
6.76 
10.09 
6.99 
4.25 
11.51 
6.89 
27.94 
-
-
108.14 
-
-
1,17 
1,17 
1,17 
1,117 
1,117 
1,117 
1,17 
1,116 
-
-
1,17 
N.S. 
N.S. 
<0.001 
0.0187 
0.0055 
0.0093 
0.0415 
<0.001 
0.0178 
<0.001 
N.S. 
N.S. 
<0.001 
-
-
0.011(0.002) 
-0.021 (0.008) 
9.167 (2.885) 
-2.072 (0.784) 
0.067 (0.033) 
0.685 (0.202) 
1.688 (0.644) 
-0.437 (0.083) 
-
-
4.637 (0.446) 
-
-
34.4 
14.4 
7.2 
4.1 
4.2 
6.9 
14.8 
16.6 
-
-
61.1 
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Fig. 1. Variation of 10 egg parameters in the laying sequence for Blue Tit clutches at 
Muro (rc= 7 nests) and Pirio (n= 12 nests). 
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We found a significant negative linear relation between egg sequence and yolk lipid 
concentration (mg/g wet yolk), although there was no difference between sites. Protein 
content differed between sites (Muro= 77.14 ± 4,74 mg/g; Pirio= 87.32 ± 8.52 mg/g wet 
yolk), but the proportion of variance explained by the model was low (7.2%). The 
difference remained significant (F^n= 8.02; P= 0.0115) even when we dropped three 
outliers from the Pirio population. 
To refine the analysis on the relative abundance of lipids, we included the main fatty 
acids that make up the total lipid composition. There was a significant negative relation 
between laying sequence and the concentration of 14:0, 16:0 and 18:0 fatty acids, 
although effect sizes were rather small. Short-chain monounsaturated fatty acids (16:1) 
were significantly higher at Pirio (Muro= 3.55 ± 0.69 mg/g; Pirio= 5.24 ± 1.63 mg/g), but 
the reverse was true for long-chain polyunsaturated fatty acids (18:3) which were 3x 
higher at Muro (Muro= 7.01 ± 1.05 mg/g; Pirio= 2.19 ± 0.59 mg/g). See Table 2 for a 
comparison of mean concentrations and percentage profile of all non-trace 14 to 20 
carbon fatty acids in eggs at Muro and Pirio. 
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Table 2. Mean concentrations (mg/g wet yolk ) and percentage profile (% weight ± SD 
of total fatty acids) of the main (14 to 20 carbon) fatty acids in blue tits' eggs at Muro and 
Pirio. Number of eggs are given in parentheses. 
Muro Pirio 
Fatty 
acid 
14:0 
16:0 
16:1 
18:0 
18:1 
18:2 
18:3 
20:4 
mg/g 
1.22 ±1.51 (57) 
28.96 ± 6.41 (57) 
3.55 ± 0.69 (56) 
7.27 ± 2.29 (56) 
35.45 ± 10.03 (57) 
14.8114.01(57) 
7.01 ± 1.05 (57) 
0.14 ±0.47 (57) 
% w/w 
1.15 ±1.44 
29.15 ±3.33 
3.62 ± 0.98 
7.40 ±1.75 
35.13 ±3.78 
14.95 ± 2.99 
6.88 ±1.48 
0.15 ±0.48 
mg/g 
1.92 ±1.84 (80) 
28.53 ± 6.04 (80) 
5.24 ±1.63 (80) 
7.6 ± 2.58 (80) 
35.32 ± 9.87 (80) 
14.26 ± 4.89 (79) 
2.19 ± 0.59 (79) 
0.29 ± 0.89 (80) 
% w/w 
1.97 ±1.81 
29.77 ± 3.08 
5.57 ± 2.27 
7.87 ±1.87 
36.50 ±5.18 
14.74 ± 3.30 
2.28 ±1.18 
0.29 ± 0.91 
Final models in the analyses presented in Table 1 often show a high percentage of 
variation explained by the contribution of the individual random effect. This implies that 
individuals show a high repeatability for some of the variables measured. This inter-
individual variation in egg composition is exemplified in Figure 2, which shows the range 
of variation in mean yolk mass between individuals in both Muro and Pirio. At Pirio, the 
ratio of the smallest to largest yolks (mean yolk mass for each female) was 0.75 
compared with 0.85 at Muro. The ratio for the single smallest yolk to the single largest 
yolk was 0.59 at Pirio and 0.61 at Muro. Such extreme variation was found in most 
variables examined at either site, and some factors related to the individual may be 
correlated with this variability. For example, first-laid eggs at Pirio show a high 
variability in yolk lipid concentration among females (range: 60 - >150 mg lipid/g). At 
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Pirio, we found a significant negative linear relation (Fi,9= 17,510, P= 0.002; r = 0.661) 
between laying date and lipid content of these first-laid eggs, which suggests that early-
laying females mobilize more lipids in the early phases of egg formation (Fig. 3). The 
relation was not significant at Muro (Fi>5= 0.651, P= 0.456). 
0.32 
'DO 
^ 0.28 
% 
£ °-24 
"3 0.20 
is 
0.16 
0.32 WD 
Muro 
o 
0 
l i i 
0 O 
0 
* 
0 
o 
o 
0.28 
S 024 
3 0-2o 
0.16 
1 2 3 4 5 6 7 
Pirio 
1 2 3 4 5 6 7 8 9 10 11 12 
Individual 
Fig. 2. Inter-individual variation in yolk mass (g). Mean values (± SD) for the 7 females 
at Muro and 12 females at Pirio. Circles outside error bars indicate the individual range 
in yolk mass. 
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Fig. 3. Relation between laying date and lipid content (mg/g wet yolk) in yolks of first-
laid eggs at Pirio. F i>9= 17,510, P= 0.002; ?= 0.661 
Finally, we found a clear positive relation between the mass of the yolk and egg mass, 
both for Muro and Pirio (Fig. 4). Egg mass (F
 1(U6= 103.30; P< 0.001), and site to a 
much less extent (F 1,17= 4.89; P= 0.041), together explained 46.5 % of the variability in 
yolk mass. Considered separately, both Muro and Pirio individual yolk mass increased 
with egg size (Muro: yolk mass = 0.092 + 0.144 * egg mass; r2 = 0.31; P < 0.001; Pirio: 
yolk mass = 0.038 + 0.179 * egg mass; r2=0.49, P < 0.001). 
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Fig. 4. Yolk mass versus egg mass at Muro and Pirio. Egg mass (F 1,116= 103.30; P< 
0.001) and site (F
 W7= 4.89; P= 0.041) both explained 46.5 % of the variability in yolk 
mass. Site-specific regression coefficients are 1) Muro: yolk mass = 0.092 + 0.144 * egg 
mass; 2) Pirio: yolk mass = 0.038 + 0.179 * egg mass. 
Discussion 
To our knowledge, this study provides the first evidence of inter-population differences in 
nutrient allocation in eggs for a wild passerine. Yolk mass, shell mass, protein content, 
and the abundance of the fatty acids 16 :1 and 18 :3 all showed a marked variation 
between the two study sites. This is a potentially important finding since it suggests that 
the breeding environment of a female may have a profound impact on her capacity to 
invest in nutrients. We suggest that 1) site-specific differences in the abundance and type 
of insects available to females during egg formation and/or 2) differences in the timing of 
egg laying (April vs May) between the two sites affect their ability to invest in egg 
contents. First, the significant difference in yolk and egg shell mass between Muro and 
Pirio populations suggests that females at Muro are on a higher nutritional plane than 
females at Pirio during the period when they must undergo nutrient mobilization for egg 
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formation. This extends many observations (e.g. Blondel et al. 1999, 2001; Tremblay et 
al. 2003) showing that, contrasting to the food abundance in the evergreen Pirio study 
site, food was not limiting in deciduous oak habitat (Muro) during the post-hatching 
period. This latter observation is explained by the fact that caterpillars are extremely 
abundant on the young leaves that develop following bud burst in spring. Although it is 
very difficult to measure food availability during the pre-laying period, it is interesting 
that deciduous oak forest may offer a higher abundance of invertebrate prey even prior to 
bud burst despite the total absence of leaves. Heavier yolks and egg shells may both be 
viewed as a reflection of an overall higher foraging efficiency in this habitat, which in 
turn may contribute to some extent to the early breeding and large clutch size we 
observed. Our results thus suggest that between-population differences in breeding traits 
may be explained in part by environmentally-induced physiological limitations reflected 
in major components of egg quality. This points out the importance and the need for a 
more thorough exploration of the proximate nutritional (e.g., specific nutrients, minerals, 
vitamins) causes of variation in breeding parameters and emphasizes the connection 
between environmental heterogeneity, physiological constraints, and phenotypic variation 
in life-history traits. 
The precise causes of the inter-habitat differences in egg composition we observed may 
be difficult to determine. Some of these differences may not necessarily result only from 
proximate mechanisms related to the habitat-specific physiological and nutritional 
constraints, but also from differences in the timing of breeding between populations. For 
example, the higher concentration of the polyunsaturated linolenic acid (18:3) and the 
lower concentration of the short-chain monounsaturated palmitoleic acid (16:1) at Muro 
may possibly be a reflection of ambient temperatures at the time of egg formation. At 
Muro, females store nutrients and form eggs as early as late March when night time 
temperatures may fall below 10°C (unpublished data). Cold temperatures induce 
invertebrates to preferentially store long-chain polyunsaturated fatty acids (18:2, 18:3) 
which, having lower melting points, maintains membrane fluidity at low ambient 
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temperatures (Munro and Thomas 2004). Because vertebrates are unable to transform 
dietary saturated fatty acids beyond the monounsaturated fatty acids, the concentration of 
double and triple bond polyunsaturated fatty acids (18:2 and 18:3) reflects their 
abundance in the diet. It is possible that females at Muro acquire relatively large amounts 
of polyunsaturated linolenic acid compared to females at Pirio because they breed at an 
earlier date and thus have access to invertebrate prey with different fatty acid profiles. 
Moreover, we cannot exclude that between-population differences in egg composition 
may be explained by differences in parental quality. We have already shown that adult 
birds are usually larger and heavier in caterpillar rich deciduous than in caterpillar-poor 
evergreen habitats (Blondel et al. 2006) and these morphological differences contribute to 
the between-population differences in social dominance we observed in a previous 
common garden experiment (Braillet et al. 2002). It is possible that larger, high-quality 
individuals settle in the more favorable deciduous habitat and force smaller, less 
dominant birds to breed in the low-quality evergreen habitat. This mechanism may 
maintain phenotypic differentiation between both habitats, which could be reflected in the 
pattern of resource allocation (egg composition) we observed between Muro and Pirio. 
The sequence-specific decrease of some fatty acids in yolk could be interpreted as a 
physiological response of females experiencing varying constraints in nutrient 
mobilization and utilization over time. Apart from studies on egg size (O'Connor 1979; 
Wiggins 1990), egg shell characteristics (Gosler et al. 2005) and hormones (Verboven et 
al. 2005; Williams et al. 2005), we are aware of few studies that investigated day-to-day 
patterns of change in nutrient levels (Alisauskas 1986 for Coots; Kennamer et al. 1997 for 
Wood Ducks). In both populations of Blue Tits of this study, we observed a decline in 
the abundance of 14:0, 16:0, 18:0, and total fats in the laying order, which could be the 
reflection of a certain degree of physiological exhaustion of females. However, the effect 
size and the variance explained by the laying order effect were rather small for each 
model, and unless more data are available, it will be difficult to determine the exact 
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functional significance of such a slight decrease in fatty acids through the laying-
sequence on nestling growth and fitness. 
In contrast, inter-habitat differences in egg composition are clearly more evident and 
these differences may potentially have important fitness consequences. Although we 
have few data to allow to test for a link between egg composition and breeding success, 
some lines of evidence suggest that inter-habitat differences in egg composition between 
Muro and Pirio may have implications on nestling growth. For example, egg yolks at 
Muro are about 9% larger compared with Pirio and, given that the yolk is an important 
source of structural lipids and the main source of energy for growing embryos (Speake 
and Thompson 1999), even a small increment is likely to affect embryo development, the 
size of nestlings at hatching and possibly their competitive ability early in the growth 
period. Differences in yolk reserves may explain why Simon et al. (2005) found that 
Muro nestlings experimentally transferred and raised at Pirio were larger than Pirio 
nestlings at the age of 4 days despite a common rearing environment. However, this 
initial size advantage is apparently overridden by the strong environmental constraints at 
Pirio to the point where nestlings from Muro and Pirio reach the same asymptotic mass 
prior to fledging despite size differences that are apparent at early age. This gives 
support to the hypothesis that the effect of egg quality may only occur during the early 
part of the nestling period, and would explain why so few studies demonstrated an effect 
of egg quality (mainly egg size) on offspring performance (reviewed in Williams 1994). 
The strong negative interaction between parasite load and food abundance in the common 
rearing environment of Pirio may act to obscure the differences in growth rate between 
Muro and Pirio nestlings. The benefits of larger initial size exhibited by nestlings from 
Muro may disappear when parasite loads are high and food is limiting. 
This situation applies at Pirio where food is limited and parasite load is high (Blondel et 
al. 2006), but the opposite situation, which would involve the transfer of Pirio eggs to the 
rich habitat of Muro, could give opposing results. In this habitat, nestlings may be able to 
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take advantage of the favorable rearing conditions. When parasite load are low and food 
is superabundant, as is the case at Muro, the advantage of a 'good start' may allow 
initially large hatchlings to achieve more rapid growth and high fledging mass than 
smaller hatchlings. Under these conditions, larger yolks and larger reserves may be an 
important determinant of fledging size, and smaller nestlings from Pirio would not be 
able to catch up and attain the same asymptotic mass as nestlings from Muro. Few 
studies have examined this relation between habitat heterogeneity and the consequences 
of variation in egg quality on offspring fitness, although there is some evidence that the 
disadvantages of small eggs may become apparent under adverse weather or food 
conditions (Smith and Bruun 1998; Styrsky et al. 1999; Hipfner et al. 2001). It is also 
possible that egg composition in combination with food availability will have long-term 
fitness consequences that only become apparent when offspring reach adulthood 
(Metcalfe and Monaghan 2001). Further data are needed to clarify the role of variation in 
egg traits (particularly egg energetic and nutritional composition) and its interaction with 
environmental heterogeneity on nestling fitness. The particular spatial configuration of 
landscapes (extreme habitat heterogeneity within short geographical distances) in our 
study system offers a unique opportunity to compare areas with contrasting food 
availability and parasite load. Future experiments will specifically address the question 
of the combined ultimate consequences of these habitat-related ecological constraints and 
variation in egg composition on nestling fitness. 
A large part of the variation in egg traits was explained by among-individual differences. 
In this study, we showed that individual differences account for up to 50% of the variance 
explained in some egg parameters (Table 1, random effect), and that the range of 
variation of the dependant variables could be quite high. For example, yolk mass for 
some females is 1.5 times heavier than yolks for others (fig. 3), and for the palmitoleic 
acid (16:1) this difference is over 4.5 times. We argue that these differences may be 
related to the individual-based consistency of females to produce eggs with relatively 
constant composition, which may be the result of intrinsic differences (age, condition, 
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foraging efficiency) in individual quality (Saether 1990; Christians 2002). For example, 
we showed that females whose yolk lipid contents were the highest were also those that 
started breeding earliest in the most constraining environment (Pirio). The strong 
correlation between laying date and yolk lipid content suggests that early-laying females 
may be those that are able to attain a better body-condition earlier in the breeding season. 
This points out the importance of considering individual-based approaches that take into 
account the inter-individual variability of egg traits. We noted a high degree of 
variability in yolk mass between females at either site. Given the potentially far-reaching 
consequences of variation in yolk mass on embryo growth and development, we would 
expect those traits to be under strong directional selection, and natural selection should 
decrease the additive genetic variance of this character. Consequently, it is relevant to 
ask why this variability in yolk characteristics persists and to what extent it could be 
related to differences in reproductive success. We have shown that egg mass is highly 
correlated with yolk mass and we provided regression coefficients for both sites. It is 
thus possible to estimate site-specific yolk mass and thus resource allocation by females 
simply by weighing individual eggs in the field. This non-intrusive method should allow 
one to study the fitness consequences (nestlings growth pattern, fledging mass, survival) 
of inter- and intra-individual phenotypic variation in egg composition and, considering 
the particular context of spatial heterogeneity in our study system, should provide new 
insights on the consequences of individual-based variation in egg investment in 
heterogeneous habitats. 
Acknowledgments 
We thank D. Garant, F. Pelletier and J.W. Shipley for statistical advice, and M.-H. Pitre 
for field work and biochemical analyses. This research was supported by an NSERC 
postgraduate scholarship to P.B., an NSERC discovery grant to D.W.T. and European 
Commission grants to MX. 
74 
CHAPITRE lib 
FOOD SUPPLEMENTATION IN DISTINCT CORSICAN OAK HABITATS AND 
ITS IMPACT ON EGG-LAYING IN BLUE TITS 
Description de Particle et contribution 
L'analyse de la composition biochimique des oeufs de mesange suggere que certaines 
contraintes liees aux differences dans la disponibilite des nutriments existent entre les 
habitats de chene blanc et chine vert. II est alors tentant de conclure que ces memes 
contraintes peuvent expliquer pourquoi les traits de reproduction principaux des oiseaux 
(date de ponte, taille de ponte) sont si contrasted entre ces deux types d'habitat. II faut 
toutefois etre conscient que les contraintes presumees qui sont refletees dans Foeuf ne 
sont pas forcement transposables a tous les autres traits de reproduction. En d'autres 
termes, la date de ponte tardive des oiseaux de chene vert n'est pas necessairement la 
consequence inevitable d'une contrainte alimentaire dont les caracteristiques 
morphometriques et biochimiques de l'oeuf sont les premiers temoins. Pour repondre de 
facon directe a la question, un schema experimental plus explicite est necessaire. Ainsi, 
le meilleur moyen de verifier si la disponibilite de la nourriture limite ou non la 
reproduction dans un habitat donne consiste a fournir un apport supplementaire illimite 
de nourriture sur les territoires de reproduction des oiseaux. Dans cet article, nous 
comparons la reponse des oiseaux a l'ajout experimental de nourriture dans quatre sites 
distincts, presentant des differences ecologiques majeures. Nous croyons que cette 
approche est tout a fait justifiee pour tenter de comprendre 1'importance du facteur 
alimentation sur la variation phenotypique inter-habitat du declenchement de la ponte 
chez les mesanges de Corse. 
Ma participation a la realisation de cet article est tres importante. J'ai con9u et realise la 
partie experimentale (avec les judicieux conseils de Philippe Perret), j 'ai recolte les 
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donnees sur le terrain et precede a l'analyse des donnees. La collaboration du Dr. Marcel 
Lambrechts fiat tres importante pour la redaction de l'article. J'estime que ma 
contribution pour la redaction est d'environ 75%. 
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FOOD SUPPLEMENTATION IN DISTINCT CORSICAN OAK HABITATS AND 
ITS IMPACT ON EGG-LAYING IN BLUE TITS 
par 
PATRICE BOURGAULT, PHILIPPE PERRET & MARCEL LAMBRECHTS 
Abstract 
Resource constraints may impose physiological limitations on egg production and 
influence the timing of breeding in seasonally breeding birds. Food supplementation 
experiments showed that food resources may have a role in setting egg-laying date, but 
the moderate response of birds in most studies suggests that its effect may be apparent 
only under certain ecological conditions. Experiments conducted in contrasted habitats 
with differing ecological characteristics and natural availability of food sources are 
therefore needed to explore the role of habitat-specific physiological constraints on fine-
tuning of breeding. In this study, we compared the response of Blue Tits {Cyanistes 
caeruleus) to food provisioning in four distinct oak woodlands, on the heterogeneous 
island of Corsica. We predicted a stronger effect of food supplementation on the 
advancement of clutch initiation date in poor evergreen holm oak habitats, where the 
amount of natural food available is reported to be consistently low. We show that food 
provided during the pre-breeding period had little, or no, effect on the advancement of the 
onset of egg laying in Blue Tits, with a moderate response of <8 days in only one 
evergreen oak study site. We therefore propose that physiological limitations related to 
the acquisition of nutrients and energy may only exert a limited effect in delaying onset 
of breeding, and that behavioural flexibility in the integration of fine-scale environmental 
signals that predict future breeding conditions may be more important in explaining the 
large variation in timing of breeding in this model species. 
Key words: Blue Tit, food constraints, food supplementation, proximate factors, timing 
of breeding 
77 
Introduction 
Baker (1938) proposed for the first time that reproductive processes, such as those that 
initiate and terminate breeding, are influenced by ultimate and proximate factors. 
Ultimate factors select across generations for individuals that reproduce at a time most 
favourable for rearing offspring and for their survival to the next breeding season(s). One 
of the most intensively investigated ultimate factors is food required to feed and rear the 
young (Lack 1968), although other important ultimate factors have been reported in more 
recent field investigations (e.g. predation, parasites). Proximate factors are 
environmental cues that regulate reproductive processes from maturation to termination 
of breeding. These factors act through the endocrine and neuroendocrine systems that 
control maturation of reproductive organs and development of reproductive behaviour. 
Initial predictive (e.g. day length) and supplementary information (e.g. ambient 
temperature, vegetation phenology, social interactions) in the environment can 
proximately be used to anticipate an optimal breeding period varying in time and space 
(Wingfield et al. 1992, Visser and Lambrechts 1999, Coppack 2007). However, we still 
know little about the exact nature of the environmental cues that individuals use to 
regulate the precise timing of breeding, and the physiological mechanisms underlying 
plasticity in processing environmental information (Bourgault et al. 2006, Visser et al. 
2004, Wingfield et al. 2008). 
The capacity to rapidly build up body reserves and secure nutrients and energy 
requirements to initiate physiologically costly reproductive events influences 
reproductive performance at the proximate level (Perrins 1970, Mutton and Westwood 
1977, Meijer and Drent 1999). In most temperate, seasonal environments, the availability 
of food is relatively low in early spring. Income breeders, such as altricial birds, may 
have difficulties to collect the resources required for the seasonal development of the 
reproductive system. Hence, to cover the energetic demands of developing ovaries and 
producing eggs, females must have access to abundant food in their immediate 
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environment (Perrins 1996, Williams 2005). A lack of sufficient resources may affect 
body condition and so potentially impede gonadal and follicular development. Some 
females may thus be physiologically prevented from breeding early, despite directional 
selection favouring early breeding (Perrins 1970, Merila et al. 2001, Giennap and Visser 
2006). 
Experimental manipulation of food quality and abundance is a common technique to test 
for proximate effects of food supply on reproductive traits and performance (Boutin 
1990). Hence, supplemental feeding experiments in several bird species showed that the 
availability of food resources may be an important factor in setting egg-laying date 
(reviewed in Meijer and Drent 1999), yet its' effects may vary depending upon the 
ecological context and the species characteristics involved. For example, supplemental 
feeding may advance clutch initiation date only in years with low resource supplies 
(Dijkstra et al. 1982, Kallander and Karlsson 1993), or in territories with poor availability 
of natural food sources (Svensson and Nilsson 1995). Younger females (Desrochers 
1992), opportunistic species, multiple-brooded species (Wingfield 1992, Hahn 1998, 
Meijer and Drent 1999), or birds from lower latitudes (Schoech and Hahn 2007) are often 
more responsive to supplemental feeding. In general, most single-brooded species will 
exhibit a moderate advance in egg-laying date, usually not more than one week (Meijer 
and Drent 1999). 
Members of the Paridae family, especially blue (Cyanistes caeruleus) and great tits 
(Parus major), produce the largest relative clutch size of any nidicolous bird in the world 
(Perrins and McCleery 1989). The mass of a single egg represents c.a. 10-15% of the 
total female body mass. Because females lay 4 to 12 eggs per clutch, the entire clutch 
weight is often in the same range as the adult body weight. These income breeding 
species (following Drent and Daan 1980) require during a short period of time large 
amounts of food to form the eggs, which makes the physiological cost of egg production 
particularly high. However, food supplementation experiments in different habitats have 
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either shown no effect (Clamens and Insenman 1989, Ramsay and Houston 1998) or an 
advanced laying date by <5 days (Svensson and Nilsson 1995, Nager et al. 1997, Ramsay 
and Houston 1997). These experimental effects are much less than the generally 
observed range of variation in timing of breeding in these species (e.g. Sanz 1998, 
Fargallo 2004). It could therefore be argued that food abundance plays only a minor role 
in setting the timing of breeding. However, because energy or nutritional constraints on 
egg production may depend on prevailing environmental conditions (Horak et al. 1995, 
Aparicio 1999, Bourgault et al. 2007), habitat-specific physiological limitations may 
influence the extent to which food manipulation will affect reproductive traits. Food 
supplementation experiments should thus aim at comparing contrasted habitats with 
differing ecological characteristics (e.g. Hochachka and Boag 1987, Schoech et al. 2004, 
Gienapp and Visser 2006), rather than focusing on homogenous, single-site study systems 
with optimal environment conditions, in order to give a clear, unbiased picture of the 
proximate role of food availability on timing of breeding. 
Here we present the results of pre-breeding food supplementation experiments carried out 
in four Blue Tit (Cyanistes caeruleus) study populations occupying distinct oak woodland 
plots on the Mediterranean island of Corsica. The geographic configuration of the 
Corsican landscape, which is characterized by a very rugged topography and a 
heterogeneous, fine-grained mosaic dominated by either broad-leaved deciduous or 
evergreen oak species, results in large phenotypic variation in breeding traits in free-
ranging Blue Tits (Blondel 2006). In particular, egg-laying date spans >1.5 month over 
local landscapes, which could be explained in part by environmentally-induced 
physiological limitations under certain ecological conditions (Bourgault et al. 2007). 
Hence, we have some evidences that site-specific differences in the abundance of food 
available to females during egg formation affect their ability to invest in egg production. 
The significant difference in yolk and egg shell mass, and fatty acid profiles between 
evergreen and deciduous woodland sites suggests that females in deciduous habitats are 
on a higher nutritional plane during the period when they must undergo nutrient 
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mobilization for egg formation (Bourgault et al. 2007). Therefore, we expect that Blue 
Tits from poor evergreen oak woodland should respond more strongly to food 
supplementation than females from richer broad-leaved deciduous oak woodlands. The 
diversity of ecological conditions experienced by birds in this heterogeneous landscape 
therefore provides an exceptionally appropriate study system to investigate the role of 
food abundance in setting onset of egg-laying in single-brooded, passerine species. 
Methods 
Study sites and populations. The study was conducted in the framework of the long-term 
monitoring program established in the Mediterranean region since 1976 (Blondel et al. 
2006). Concrete avian nest boxes occupied by breeding Blue Tits were visited weekly 
between mid-March and the end of June to gather data on the timing of nest construction, 
onset of egg laying, clutch size, breeding success and offspring quality. All nestlings 
were ringed from 10 days post hatching onwards with metallic rings provided by 
C.R.B.P.O., France. Adults were ringed or their ring was controlled when their nestlings 
were 14-15 days post hatching. 
We conducted the food supplementation experiments in four woodland patches 
dominated by either deciduous broad-leaved oak (Quercus humilis) or evergreen holm 
oak {Quercus ilex). Plots were situated in the Muro and Fango-Pirio valleys in north-
western Corsica (Lambrechts et al. 1997, Blondel et al 2006). The multi-site design of 
our study system allowed us to study Blue Tits in very distinct environments as concerns 
elevation, oak forest type, and availability of natural food (Table 1, see Lambrechts et al. 
1997, 2004, and Blondel et al. 2006, for details). Food availability was reported to be 
consistently lower in evergreen holm oak woodland patches, which negatively affected 
breeding success (Tremblay et al. 2003, Lambrechts et al. 2004) and the nutritional 
quality of the eggs (Bourgault et al. 2007). 
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Table 1. Characteristics of habitat and breeding traits of Blue Tit populations in the four 
Corsican study sites. Laying date are march date (1= 1 March). Values are mean ± S.D. 
Site Lat-long Forest Elevation Mean Clutch 
type (m) laying date size 
Food-
supplemented 
pairs (n) 
Deciduous 42°33'; 
Muro 08°54' 
Pioggiola 
Evergreen 
Muro 
Pirio 
42°33'; 
09°00' 
42°35'; 
08°58' 
42°34'; 
08°44' 
Broad-
leaved 
oak 
Broad-
leaved 
oak 
Holm 
oak 
Holm 
oak 
350 35.3 ±7.9 8.7 ±1.3 
1000 57.6 ±8.1 8.1 ±1.5 
150 47.5 ±7.6 7.0 ±1.1 
250 71.0 ±6.2 6.6 ±1.1 
36 
26 
30 
41 
Feeding experiments 
We experimentally manipulated the food supply during the pre-breeding periods of 2006 
and 2007. In each study year, supplementation began in mid-January, and continued until 
the breeding female had started laying eggs in a territory. Birds were provided an 
unlimited supply of food in feeders (one feeder per territory) located c.a. 2 m above 
ground and within short distance (usually 4-5 m) from a nest box. Feeders were regularly 
checked and replenished when necessary. An experimental and a control sub-plot were 
selected within each of the four study area. Distances between food-supplemented and 
control territories were usually larger than the foraging distances observed in breeding 
Blue Tits on Corsica (Tremblay et al. 2005), and ranged from 500m (evergreen Muro) to 
2.5 km (deciduous Muro). At the large evergreen Pirio study area where many nest boxes 
were available for breeding (Blondel et al. 2006), we provided artificial food to all 
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territories within a selected sub-plot, and compared the data with a control sub-plot 
situated at approximately 200 m from the food supplemented sub-plot. 
To control for potential confounding factors in the phenology of the vegetation between 
sites, all study areas have been observed for several years prior to the start of the 
experiments. In two study areas (Pioggiola, deciduous Muro), we observed significant 3-
4 days differences in the onset of egg laying and tree leafing phenology between control 
and food-supplemented sub-plots, most probably to be attributed to subtle small-scale 
differences in habitat characteristics (elevation, local ambient temperature), independent 
from food provisioning. These differences were taken into account when studying the 
impact of food-supplementation on onset of egg laying in these study areas, by correcting 
individual clutch initiation date prior to analyses (subtraction of 3 days at Pioggiola; 4 
days at Muro). We did not observe differences in either vegetation or female breeding 
phenology between experimental and control sub-plots in the two other study areas 
(evergreen Muro and Pirio). 
To examine the nutritional suitability and palatability of the food provided to the birds, 
we performed a pilot study in 2005 on captive Blue Tits, held in 27m3 outdoor aviaries at 
the CNRS in Montpellier (see Lambrechts and Perret 2000 and Caro et al. 2007 for 
details on the aviaries). The qualitative extent of food consumption, the general health 
status and plumage coloration of the birds allowed us to determine which food 
supplements used were the most adequate and preferred by the birds. The diet we 
selected was a mixture of suet, broiler chicken feed, crushed peanuts, Nekton avian multi-
vitamin supplement (Nekton Products, Pforzheim, Germany), and Orlux ant eggs and 
Orlux insect patee supplements (Versele-Laga, Deinze, Belgium). Sunflower seeds 
completed the diet. 
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To determine the use of the artificial food source in the field, we performed behavioural 
observations on randomly chosen territories within each study site. We captured 
territorial pairs with mist nets, 1-1.5 month before the start of the breeding season. Birds 
were ringed with unique colour combination to facilitate individual identification. Pairs 
were then observed from a hide during 30-min sessions and we noted the number of visits 
they made to the feeders. Behavioural observations were conducted in all years on min. 5 
breeding pairs at each site. Our observations indicated that blue tit pairs from all 
experimental areas intensively visited the feeders placed on their territories. The number 
of visits (c.a. 5-10 visits/h/individual) and the extent of food use were similar between the 
partners for a given pair. Some birds were occasionally observed feeding almost 
exclusively on the artificial food source. Feeders were used mostly by territorial pairs, 
and neighbours and other species (e.g. Great Tit, Chaffinch) were often prevented access 
to food supplements. 
Statistical analyses 
We tested the effect of food supplementation on the onset of first clutches and the number 
of eggs laid by females within each study site using generalized linear models in GenStat 
9th edition (VSN International 2006). To be able to compare the response of birds 
between years, we standardized the egg-laying date relative to annual mean clutch 
initiation date per study area. Food treatment (experimental vs control) and study year 
(2006 vs 2007) were included as the main fixed effects in the analyses. We did not find 
significant year effects, and therefore removed this variable from the final models. To 
restrict our analyses to genuine first clutches, we omitted clutches that were initiated 30 
days after the first clutches for a given site, as these are usually replacement clutches. 
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Results 
In three study areas, food supplementation did not advance the onset of egg laying 
(deciduous Muro: *-value= 1.09, df= 1,77, P= 0.28; Pioggiola: f-value= 1.37, df= 1,50, 
P= 0.18; Pirio: f-value= 0.83, df= 1,104, P= 0.41). We observed a significantly earlier 
onset of egg laying only in the food supplemented plot at evergreen Muro (f-value= -4.85, 
df= 1,64, P< 0.001). The difference between fed and control pairs at this site was 5.6 d in 
2006 and 7.6 d in 2007. There was no effect of food supplementation on the number of 
eggs laid by females on either study site (deciduous Muro: f-value= -1.45, df= 1,76, P= 
0.15; Pioggiola: *-value= 0.56, df= 1,50, P= 0.58; Pirio: f-value= -0.68, df= 1,102, P= 
0.50; evergreen Muro: f-value= 1.86, df= 1,64, iM).07). 
Discussion 
With food supplementation experiments in four distinct oak woodlands, strongly varying 
in the amount of natural food available, we show that large amounts of artificial food 
provided during the pre-breeding period had little, or no, effect on the advancement of the 
onset of egg laying and clutch size in income breeding Blue Tits. The moderate response 
(<8 days) from Blue Tits at one of the evergreen woodland sites was not sufficient to 
allow females to fully compensate for the difference in average egg laying date between 
this site and a neighbouring non-food-supplemented broad-leaved deciduous woodland 
(evergreen vs deciduous Muro, see Lambrechts et al. 1997, 2004, this study). The 
advanced egg laying response to food supplementation at evergreen study site Muro was 
roughly the same as what was found in former investigations in Parids (Clamens and 
Insenman 1989, Svensson and Nilsson 1995, Nager et al. 1997, Ramsay and Houston 
1997, Ramsay and Houston 1998). Our multi-sites study therefore supports the results of 
former investigations in other parts of the distribution range of this species (see 
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Introduction), and provides weak support for a proximate role of physiological limitations 
mediated by resource constraints in setting the onset of egg-laying. 
Our findings could either be attributed to methodological shortcomings or a lack of 
reproductive response to the artificial food eaten. Although Blue Tits have been exposed 
to food ad libitum easily accepted by birds in captivity, free-ranging individuals always 
have the option to exploit the natural food resources and refusing artificial food. This 
explanation can be rejected because the wild Blue Tits from our study sites frequently 
visited the feeders provided. Visiting artificial feeders in natural habitat probably 
increases food intake and reduces energy demanding foraging mobility. Experimentally 
increasing food abundance therefore does not seem to be enough to influence the onset of 
laying eggs or the number of eggs produced. This conclusion is also supported by 
investigations of egg laying date responses in Blue Tits held in captivity and provided 
with food ad libitum (e.g. Caro et al. 2007). 
Alternatively, the artificial food components provided may not contain the cues essential 
for the anticipation of the brief optimal breeding time. Nidicolous blue tits produce very 
large families. The brood weight at 14 days post-hatching represents up to 16 times the 
adults' body weight, depending on the territory and study population. Blue tits therefore 
require large amounts of food to feed the fast-growing nestlings. A major ultimate factor 
for the timing of breeding in Blue Tits is the timing of emergence and abundance of 
defoliating caterpillar prey required to rear the nestlings (Naef-Daenzer and Keller 1999, 
Thomas et al. 2001, Tremblay et al. 2003). Because caterpillars are available for only 
two to three weeks on a given location, parents must use and interpret indirect 
environmental cues that predict the spatiotemporal variations in the timing of maximal 
caterpillar emergence (Bourgault et al. 2006). Fine-tuning of breeding (Wingfield et al. 
1992) thus depends on a complex suite of proximate factors that allow birds to tightly 
match reproductive activities with the optimal time-window for successful breeding 
(Visser and Lambrechts 1999, Perfito et al. 2005). In the very heterogeneous Corsican 
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landscape, the optimal breeding period is highly variable among sites, and Blue Tits must 
track variations in environmental conditions by integrating the most appropriate cues to 
fine-tune breeding on a very local scale. Recent confirmatory path analyses showed that 
the information provided by site-specific, fine-scale phenological patterns of dominant 
tree species were the most appropriate cues used by birds (Bourgault et al. unpublished 
results) at the time of egg formation. Hence, in our four study populations investigated, 
the timing of maximum nestling requirements nicely matched the peak date of maximum 
caterpillar availability as measured by the timing of oak tree development patterns 
(Bourgault et al. unpublished results). This means that the natural food sources alone are 
sufficient to ensure close synchronisation between the realised and optimal breeding time 
in all these study sites, and that the birds do not require artificial food to improve the 
match with the optimal breeding time, even in the evergreen sites providing less natural 
resources for breeding. 
In summary, the moderate effect of food supplementation on Corsican Blue Tits provides 
weak support for a proximate role of food abundance constraints in setting the onset of 
egg-laying. A large behavioural flexibility in the cue-response system that allows birds 
to integrate subtle, fine-scale environmental signals which contains information about the 
appearance of their main prey seems to be the most likely mechanism that explains the 
large between-population variations in timing of breeding. Physiological limitations 
related to the acquisition of nutrients and energy may thus only exert a limited effect in 
delaying onset of breeding, and perhaps only under specific ecological conditions. 
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CHAPITRE III 
Facteurs environnementaux determinant l'epoque 
de reproduction 
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CHAPITRE m 
Les 40 dernieres annees de recherche sur le theme de la variation des traits de 
reproduction en reponse aux variations inter-habitat de la disponibilite des ressources ont 
montre l'importance que revet le developpement d'un mecanisme de reponse base sur 
l'acquisition et l'integration de signaux environnementaux adequats. Determiner avec 
precision quels facteurs sont utilises par les individus pour predire les periodes favorables 
a la reproduction est toutefois un reel defi; les correlations entre differents signaux etant 
tellement fortes qu'il devient difficile d'isoler et de ponderer l'importance de chaque 
effet. II est ainsi tres complexe de demontrer l'importance d'un signal environnemental 
presume (Wingfield et ah, 1992), puis de decortiquer le cheminement physiologique 
associe a ce signal (Ball, 1993). Pour le moment, l'option la plus aisee demeure done 
l'observation directe en nature et l'utilisation d'outils statistiques standards (correlation) 
permettant de Her certains facteurs prealablement identifies a la date de debut de 
reproduction des individus. 
Les facteurs potentiels impliques dans la ponte sont nombreux. Les recherches passees 
ont clairement identifie que 1'information a la base du declenchement du processus de 
reproduction (recrudescence des gonades) proviendrait de la photoperiode {information 
de prediction initiate; Farner, 1986)). L'information lumineuse stimule des recepteurs 
neuraux permettant de mesurer la longueur du jour et ainsi d'etablir un calendrier base 
sur un cycle circadien interne. Cette information declenche done l'avenement des 
changements physiologiques relies a la reproduction, ce qui amene du meme coup 
1'animal dans un etat d'eveil face aux indices supplementaires qui se presenteront (voir 
figure 1). Cela consiste pour l'oiseau a capter des informations essentielles 
complementaires (ex. contexte social, temperature, nourriture, phenologie de la 
vegetation) qui permettront de realiser un ajustement fin de la periode de reproduction 
(Wingfield, 1980). L'integration de ces indices amenera l'oiseau au stade final de la 
maturation sexuelle, e'est-a-dire la formation et la ponte des oeufs. 
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Figure 1 : Sequence du developpement gonadal chez un passereau typique (genre Parus). 
Tiree de la figure 1 de Visser et Lambrechts (1999). 
Cet ajustement fin requiert ainsi une serie de stimuli environnementaux qui interagissent 
de maniere complexe afin de dormer a l'oiseau la possibility de realiser l'effort 
reproducteur dans les meilleures conditions. H est done essentiel, dans un souci de mieux 
comprendre la capacite d'ajustement de la phenologie de reproduction des oiseaux, 
d'identifier precisement ces facteurs, et dans le meilleur des cas de quantifier lew 
importance relative sur l'ajustement de la reproduction. Malheureusement, malgre toutes 
les recherches actuelles et passees, il n'existe toujours pas de reponse claire a ce sujet, et 
les problemes identifies plus haut (correlations fortes entre les variables) ne sont pas 
etrangers a ce phenomene. Ce chapitre se veut done une tentative modeste pour combler 
une partie de nos connaissances dans ce domaine. 
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CHAPITRE m a 
DO BLUE TITS TIME THEIR BREEDING BASED ON CUES OBTAINED BY 
CONSUMING BUDS? 
Description de Particle et contribution 
Est-ce que les oiseaux integrent et utilisent un signal provenant de la vegetation 
environnante pour synchroniser la reproduction avec la phenologie de cette meme 
vegetation? L'idee est seduisante et semble tout a fait logique. En effet, l'utilisation d'un 
facteur directement lie au developpement de la plante assurerait un synchronisme presque 
parfait avec les arthropodes qui eux-memes sont tres fortement dependants de la 
phenologie de leur plante hote. Un tel mecanisme pourrait done tres bien se developper 
chez certains oiseaux insectivores, dont le succes de la reproduction repose precisement 
sur une coordination fine avec la phenologie des systemes plantes/proies. D'ailleurs, n'a-
t-on pas deja identifie certaines substance produites par les plantes comme stimulants a la 
reproduction chez certains mammiferes (Berger et ah, 1981; Berger et ah, 1987; Whitten 
et ah, 1992; Whitten et ah, 1995)? Malheureusement, un tel systeme n'a jamais pu etre 
demontre chez les oiseaux. Au mieux avons-nous quelques mentions, certaines datant de 
l'epoque des recherches de David Lack lui-meme (Lack, 1968), qui suggerent que la 
phenologie de la vegetation devrait jouer un role preponderant sur le controle de la 
reproduction chez les reproducteurs saisonniers. Neanmoins, et paradoxalement, il 
n'existe presque pas d'etudes sur le sujet malgre 1'importance potentielle de ce facteur sur 
l'etablissement du calendrier reproducteur des oiseaux. Par exemple, nous n'avons 
recense qu'une seule etude, datant d'aussi loin que 1955, montrant que les oiseaux 
faisaient une grande utilisation des bourgeons des arbres durant la periode pre-ponte 
(Berts, 1955), et une seule etude experimentale, au demeurant plus ou moins 
convaincante, testant 1'effet de l'apport de bourgeons sur le declenchement de la ponte 
chez des mesanges en voliere (Visser et ah, 2002). Nous avons done tente de pallier au 
manque de connaissances sur le sujet en procedant a une etude toute simple, mais qui a le 
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potentiel de donner une premiere approximation du degre d'importance de la vegetation 
sur le controle de la reproduction. Nous avons analyse le contenu stomacal des 
mesanges, en hiver et pendant la reproduction, recherchant des traces de consommation 
de bourgeons des arbres dominants nos sites d'etude. L'ampleur de la consommation des 
bourgeons peut ainsi fournir une premiere reponse sur le realisme de considerer le facteur 
vegetation comme un signal environnemental pertinent, susceptible d'etre capte et integre 
par l'oiseau. Cette etude se veut done la premiere etape d'un schema plus global dont 
Fobjectif est d'apprecier l'importance de la phenologie de la vegetation comme facteur 
proximal de la ponte chez les oiseaux. 
Cet article est le fruit d'une contribution egale et tres efficace des trois co-auteurs. 
Samuel Caro a recolte les echantillons sur le terrain (capture des oiseaux et prelevement 
des estomacs). Philippe Perret a concu l'idee centrale de 1'article et a participe a 
l'analyse des echantillons. Patrice Bourgault a analyse les donnees et redige l'article. Le 
Dr. Marcel Lambrechts et Samuel Caro ont fourni de precieux commentaires sur une 
premiere version du manuscrit. 
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DO BLUE TITS TIME THEIR BREEDING BASED ON CUES OBTAINED BY 
CONSUMING BUDS? 
par 
PATRICE BOURGAULT, SAMUEL CARO & PHILIPPE PERRET 
Journal of Field Ornithology, 2006, 77 : 399-403. 
Abstract 
Many temperate zone birds must track seasonal variation in food availability to time 
breeding and enhance reproductive success. Yet it is still unclear what external cues 
birds use to fine-tune sexual development and timing of reproduction. Earlier studies 
revealed that birds may use chemical substances in plants and bud tissues as a reliable 
predictor for leaf flush, which is correlated with appearance of caterpillars, the preferred 
prey of many insectivorous birds during the breeding season. However, few data on 
seasonal shift in key plant-material consumption are available to verify that hypothesis. 
Here we report data on gizzard contents analysis of Corsican Blue Tits (Cyanistes 
caeruleus), a small passerine bird whose breeding schedule is tightly linked to the 
phenology of oak trees. We quantified and compared the consumption of tree buds in 
birds captured during winter (non-breeding) and early spring (pre-breeding). We found 
that overall bud use in Blue Tits was clearly marginal, and constant through time. Less 
than 30% of birds had buds in their gizzards in the critical pre-breeding period, and these 
items represented less than 1% of gizzard contents when present. It is unlikely that this 
non-generalized, superficial utilization of buds was related to a targeted use by birds to 
track a potential chemical signal at the time of reproductive decision making. Unless 
more data on plant-material consumption are available, we propose that other candidate 
environmental factors should be explored for the identification of cues used by birds to 
time their reproduction. 
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Introduction 
The onset of breeding by many temperate bird species is under strong selection pressure. 
By timing reproduction to coincide with increasing food and energy availability, breeding 
birds can optimize chick growth, fledging success, recruitment into the breeding 
population, and minimize the energetic and survival costs associated with the breeding 
effort (van Noordwijk et al. 1995, Naef-Daenzer and Keller 1999, Thomas et al. 2001, 
Tremblay et al. 2003, 2005, Visser et al. 2006). Although these ultimate determinants of 
breeding time are well understood, we still know little about the proximate factors that act 
as cues to trigger reproduction. Many temperate-zone birds use changes in daylength as 
the main cue to initiate gonadal growth (Wingfield and Moore 1987, Silverin 1994, 
Lambrechts and Perret 2000, Dawson et al. 2001), thus acting as long-term predictive 
information for the best breeding conditions. However, the precise date of egg-laying is 
probably set by a whole range of environmental "supplementary information" (Wingfield 
et al. 1992). For example, some authors have suggested that food abundance (Lack 1954, 
Kallander and Karlsson 1993; Nilsson 1994), ambient temperature (Nager and van 
Noordwijk 1995, Meijer et al. 1999), or social cues (Wingfield and Moore 1987, Silverin 
1991) may be used as supplementary cues to fine-tune sexual development and the timing 
of breeding. However, more than one factor may be involved and the relative importance 
of each factor may vary with species and ecological context (Visser and Lambrechts 
1999, Perfito et al. 2005). Birds that feed mainly insects to their young could use any 
factor correlated with the emergence of their prey to fine-tune reproduction. For 
example, tit species may use the phenology of oaks that host caterpillars to time breeding 
(Visser and Lambrechts 1999; Visser et al. 2002). Ingestion of fresh buds and other 
vegetation substances may stimulate reproductive maturation by providing a chemical 
signal that acts as a trigger (Vleck and Priedkalns 1985). However, this has rarely been 
studied in birds, even though phytohormones are known to exert various effects on the 
reproductive physiology of mammals (Jacob et al. 2001). For example, Berger et al. 
(1981, 1987) found that the plant compound 6-methoxybenzoxazolinone (6-MBOA) was 
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a strong reproductive stimulant for montane voles (Microtus montanus), and Whitten et 
al. (1992, 1995) observed that addition of phytoestrogens to the diet of immature female 
rats (Rattus norvegicus) had estrogenic effects and induced uterine proliferation. 
If birds use hormonal compounds produced by plants to time breeding, evidence that they 
select some key plant-material during the critical pre-breeding phase is needed. 
However, such evidence is scarce, and apart from limited, short-term studies and 
anecdotal information, few data precisely quantify vegetation consumption and seasonal 
shifts in ingestion of plant material whose phenology is closely tied to the emergence of 
key insect species. To our knowledge, only Berts (1955) studied seasonal changes in the 
diet of tit species by means of gizzard analyses, and found that oak buds were largely 
eaten by tits during the spring. Given that the mean laying date of tits correlates well 
with the date of oak bud burst (Slagsvold 1976, Visser and Lambrechts 1999), these birds 
may use chemical substances in oak bud tissues as a reliable predictor for leaf flush and, 
therefore, the appearance of insects (Visser and Lambrechts 1999, Visser et al. 2002). 
However, this hypothesis assumes that birds select bud tissues in the early phases of 
breeding and, unless more data on dietary habits are available, generalizations on the 
extent of this response mechanism cannot be made. 
The objective of our study was to assess the relative importance of bud use by 
Mediterranean Blue Tits {Cyanistes caeruleus), whose breeding schedule is linked to the 
phenology of both oak trees and caterpillars that feed on them (Tremblay et al. 2003). 
The time of oak bud burst is thus a potentially important cue for Blue Tits at the time of 
reproductive decision making (Blondel et al. 1993). We captured Blue Tits during winter 
and spring in two Corsican populations breeding in different habitats, with an adaptive 
one-month difference in the onset of egg laying (Blondel et al. 1999). Gizzard contents 
were analysed to determine food habits and the extent of bud use. Our specific objectives 
were to determine the importance of bud tissues in diet of Blue Tits, whether there was a 
seasonal shift (winter vs spring) in the use of buds, and whether the extent of bud use was 
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dependent on habitat type. Our study is therefore the first step in an attempt to clarify the 
potential role of plant-induced chemical signals on the timing of breeding in birds. 
Methods 
Free-ranging Blue Tits were captured with mist nets in northwest Corsica from 
December-May 2002-2003 as part of a study on the endocrine correlates of phenotypic 
variability in the timing of breeding of two adjacent populations (Caro et al. 2005a, 
2005b). The first site (Muro: 42°33' N; 08°54' E; 350 m elevation) is dominated by 
deciduous downy oak forest (Quercus pubescens) where Blue Tits typically lay eggs in 
early April. Egg laying occurs one month later (early May) at the other site (Pirio: 
42°34' N; 08°44' E; 200 m elevation) that is located 24 km from Muro and dominated by 
evergreen Holm oak {Quercus ilex) forest (see Tremblay et al. [2003] for detailed 
descriptions of study sites and breeding phenology). 
Captured birds were euthanized (certificate No. 34-96; French Ministere de rAgriculture 
et de la Foret) and gizzards were removed and immediately placed in 70% alcohol. In the 
laboratory, each gizzard was sliced in half, contents were placed in a petri dish and 
washed with alcohol, and the items were examined and sorted using a binocular 
microscope. Because there is a potential bias against finding hard animal matter in 
gizzard contents (Swanson and Bartonek 1970), food items were used as an index of 
overall diet rather than a precise quantification of food habits (Ankney and Scott 1980). 
For each gizzard, we first visually estimated the percentage (by volume) of animal vs 
plant material. We then sorted and classified food items into one of six categories (insect 
imagines, larvae, pupae, seeds, green grass, and fruit) and noted the presence or absence 
of each. Because our main objective was to determine the extent of bud use, we 
individually counted bud scales found in gizzards. Bud scales remain largely intact in 
gizzards, are easily recognizable among diverse plant material, and, therefore, constitute a 
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good index of bud ingestion. However, because identification of bud scales is difficult, 
we did not attempt to classify them to species. Thus, ingested buds may have come from 
any tree species, but we suspect that most came from oaks because Blue Tits are regularly 
seen foraging and pecking at buds on these trees (Visser et al. 2002, pers. observ.). 
Free-living Corsican Blue Tits were captured from December-May, and assigned to one 
of two seasonal categories, winter (non-breeding) or spring (pre-breeding), based on 
testes development and breeding stage (Caro et al. 2005a, 2005b). We designated the 
non-breeding winter birds as those collected from December to five weeks before the 
mean laying date in each population (N=7 and 24 birds at Muro and Pirio, respectively). 
During this period, testes are slowly recrudescing. Birds captured during the five week 
period preceding the mean laying date were assigned to the pre-breeding spring category 
(N=2\ and 17 birds at Muro and Pirio, respectively). During this period, males started, 
and completed their rapid testicular growth. We used this pattern in testes development 
to determine the breeding stage of captured birds. 
Because our main objective was to assess whether a seasonal shift (winter/spring) occurs 
in bud use, we used logistic regression analyses where the binary response variable was 
bud scale ingestion (present or absent in gizzards), and explanatory variables were season 
(winter/spring), location (Muro/Pirio), and sex. We tested the significance of each 
variable by assessing the change in deviance produced by removing each from the full 
model and testing this change against a chi-square distribution with one degree of 
freedom. 
Results 
Bud scales represented a limited part of the overall diet of Corsican Blue Tits. In Muro, 
less than 10% of birds had bud scales in their gizzards in both seasons. In Pirio, 62% and 
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29% of birds ingested buds in winter and spring, respectively. Although this difference 
between locations was significant (%21 = 9.34, P = 0.002), there was no seasonal variation 
(winter vs spring) in the proportion of birds with buds in their gizzard (x2 I = 3.37, P = 0. 
067) and no difference between males and females (x21 = 1.18, P = 0.28). Bud ingestion 
was clearly uncommon in Blue Tits and, even when present, the mean volume of bud 
scales in gizzards was consistently negligible and represented less than 1% of gizzard 
contents. Most birds had fewer than three bud scales in their gizzards, and only two 
individuals had more than five. 
Animal matter dominated and comprised over 80% (by volume) of most of the 69 Blue 
Tits gizzard contents in both deciduous and evergreen oak habitats. Small insect 
imagines (mostly Coleoptera and Diptera) ranging in size from 0.1-2.0 mm, and small 
larval and pupal form were the main prey items of Blue Tits in winter and spring in both 
habitats. Caterpillars and insects over 5 mm in length were rare and formed a small 
proportion of the diet. 
Plant tissues (mainly small pieces of green grass and fruit, bud scales excluded) were 
found in 100% and 19% of the gizzards of tits at the Muro site in winter and spring, 
respectively, and in 35% of the gizzards of tits during both seasons at Pirio. When 
present, these food items represented a small proportion of the diet of Blue Tits. On 
average, plant matter represented only 5% (by volume) of gizzard contents, and rarely 
exceeded 20% of total gizzard content. 
Discussion 
Bud scales formed a limited part of the diet of Blue Tits in our study, and there was no 
difference in the use of bud scales during the non-breeding and pre-breeding periods. In 
contrast, Betts (1955) found that Blue Tits foraged extensively on tree buds in 
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Gloucestershire, UK. During winter, Berts (1955) found that only 9% of the birds had 
eaten buds, and buds represented 5% of the total gizzard contents. However, in spring, 
all gizzards had buds and they represented 40% of gizzard volume (Betts 1955). This 
dramatic seasonal increase in bud use, coupled with the frequent close link between oak 
tree phenology and caterpillar abundance lent support to the hypothesis that chemical 
substances may represent reliable environmental cues for determining the optimal 
breeding time of Blue Tits (Visser and Lambrechts 1999). This hypothesis was clearly 
not supported by the results of our study. If birds use tree phenology through bud 
ingestion to time breeding, we would have expected an increase in bud consumption in 
spring when birds are potentially receptive to environmental signals enhancing gonadal 
development. It is thus unlikely that the non-generalized, superficial utilization of buds 
we observed was related to a targeted use by birds to track a potential chemical signal at 
the time of reproductive decision making. Similarly, Visser et al. (2002) found that 
captive pairs of Great and Blue tits did not start breeding earlier when provided with 
whole oak branches. 
We suggest that bud ingestion was an indirect consequence of foraging habits. Tits often 
peck at oak buds (Visser et al. 2002, pers. observ.), where they may obtain a large part of 
their intake of insects (Betts 1955). Bud scales may thus be accidentally ingested when 
foraging specifically on insects that are the most abundant food items selected by these 
birds. Alternatively, differences in the food habits of Blue Tits (Betts 1995, our study) 
and other passerines (e.g., Ankney and Scott 1988, Gionfriddo and Best 1995, Akinpelu 
and Oyedipe 2004) may be due to geographical and climate-related differences in food 
abundance and quality. For example, warmer conditions in Corsica may promote insect 
development, growth, and abundance year-round, and facilitate foraging for these 
nutritionally high-quality food items. In contrast, birds may include more plant tissues in 
their diet where insect abundance is more limited, particularly during cold winters. Such 
processes may also apply at smaller geographic scales and may explain differences 
between our study sites. For example, reduced food availability in the evergreen forest at 
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Pirio may result in more foraging for insects on twig and tree bud substrates and a 
corresponding increase in the ingestion of these items. 
A complex suite of proximate factors, including environmental cues such as temperature, 
food availability, and social interactions, may influence the onset of reproduction and, 
ultimately, fine-tune laying date for Blue Tits. Oak phenology may be one of the cues 
used, and individuals may respond to this cue by visual assessment of bud development. 
However, it is unlikely that oak buds play a role via some chemical substance that affects 
the reproductive system of tits because they represent such a small part of their overall 
diet. It is more likely that ingestion of buds is an artifact of foraging on bud substrates. 
Unless more data relating extensive use of oak buds during the pre-breeding period 
become available, other environmental factors should be explored as possible cues used 
by birds to time their reproduction. 
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CHAPITRE fflb 
TIME- AND CONTEXT-DEPENDENT SHIFTS IN THE WEIGHTING OF 
ENVIRONMENTAL CUES THAT INITIATE BREEDING IN A TEMPERATE 
PASSERINE (THE BLUE TIT, CYANISTES CAERULEUS) 
Description de Particle et contribution 
L'article d'introduction de ce chapitre montre que les mesanges ne font qu'une utilisation 
tres limitee des bourgeons des arbres durant la periode pre-ponte, remettant ainsi en 
question Timportance du facteur vegetation sur le controle de la reproduction. Cette 
conclusion s'appuie largement sur 1'argument (non-demontre) voulant que 1'ingestion du 
materiel vegetal soit necessaire pour en retirer les substances pouvant potentiellement 
influencer la cascade d'evenements neurologiques et endocriniens menant a la 
reproduction. A moins que des evidences claires soient presentees permettant d'appuyer 
un tel cheminement physiologique, d'autres avenues impliquant un effet direct ou indirect 
de la vegetation peuvent etre considerees. n est possible, par exemple, que les oiseaux 
captent le signal provenant du debourrement des bourgeons simplement par contact 
visuel, ou meme qu'ils integrent d'autres signaux insoupconnes, tres fortement associes a 
la phenologie des arbres dominants (ex. developpement de certains insectes, phenologie 
des plantes compagnes). Peu importe le moyen par lequel le facteur vegetation est 
transmis a l'oiseau, ce signal environnemental en est un tres plausible, qui merite une 
attention speciale de fa9on a bien cerner son influence sur Petablissement du calendrier 
de reproduction. L'objectif n'est done pas tant de demontrer par quelle voie 
physiologique cet indice de l'environnement peut moduler la reponse individuelle, mais 
plutot d'apprecier l'importance de ce signal sur la capacite de coordination de 1'effort 
reproducteur des oiseaux. 
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Nous l'avons explique plus tot, il est tres difficile de decortiquer les effets de plusieurs 
facteurs lorsque ceux-ci sont tres fortement correles. La temperature ambiante et la 
phenologie de la vegetation sont ainsi d'excellentes variables candidates, mais elles sont 
si intimement liees qu'il devient tres complexe d'en isoler les effets respectifs. A moins 
d'opter pour Fexperimentation dans des conditions tres bien controlees (voir a ce titre les 
recherches proposees dans Visser (2006)), peu d'avenues permettent de quantifier 
Fimportance de chaque variable sur la reproduction en contexte naturel. Nous pouvons 
toutefois nous tourner vers des outils statistiques appropries, qui peuvent tester certaines 
voies causales prealablement determinees. Nous avons done utilise l'analyse de pistes 
(Shipley, 2000) et un imposant jeu de donnees comprenant plusieurs centaines 
d'evenements de reproduction couvrant plusieurs annees, dans les deux environnements 
principaux de Corse (chene vert et chene blanc). Cette etude vise done a quantifier 
1'importance relative de la phenologie de la vegetation et de la temperature sur la 
variation de la date de ponte des mesanges en contexte naturel. 
Ma contribution a cet article fut assez importante. J'ai realise les analyses (avec les 
conseils de Bill Shipley) et redige plusieurs versions preliminaries du manuscrit, alors 
que Don Thomas s'est beaucoup implique dans la redaction de la version finale. J'estime 
avoir participe a environ 40% de la redaction de 1'article presente dans sa forme actuelle. 
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TIME- AND CONTEXT-DEPENDENT SHIFTS IN THE WEIGHTING OF 
ENVIRONMENTAL CUES THAT INITIATE BREEDING IN A TEMPERATE 
PASSERINE (THE BLUE TIT, CYANISTES CAERULEUS) 
par 
PATRICE BOURGAULT, DON THOMAS, BILL SHIPLEY, PHILIPPE PERRET & 
JACQUES BLONDEL 
Abstract 
1. Because rearing date has a strong influence on nestling growth and fledging success, 
birds use environmental cues to fine-tune the timing of egg laying such that the nestling 
period coincides with the local peak in food availability. 
2. Although ambient temperature and vegetation phenology are often considered as the 
most likely candidate cues to fine-tune breeding, no studies have explicitly compared and 
partitioned their relative effects. 
3. We experimentally manipulated food abundance on breeding territories of Corsican 
blue tits (Cyanistes caeruleus Linnaeus) during the pre-laying period to determine the 
effect of food abundance on breeding date. 
4. We subsequently used confirmatory path analyses and a long- term study to identify 
and measure the relative weighting of the causal paths that link laying date, vegetation 
phenology, and spring temperatures. 
5. Food supplementation had no significant effect on laying date either in either 
deciduous or evergreen oak forest. 
6. Path analysis shows that the effects of temperature and vegetation phenology shift 
across populations and season. As season progresses and temperature rises, females shift 
from a predominantly phenology-based cue system to a predominantly temperature-based 
cue system. 
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7. This plasticity in the decision process allows birds to minimize the risk of 
mismatching breeding date with the optimal time window and may be critical in allowing 
birds to track human-induced environmental change. 
Key-words: Cyanistes caeruleus, environmental cues, temperature, timing of breeding, 
vegetation phenology 
Introduction 
The timing of annual breeding is a crucial determinant of individual fitness and 
population performance, particularly for insectivorous passerine birds (Perrins 1970). By 
synchronizing the time when nestlings hatch with the narrow temporal window during 
which food is most abundant, parents can enhance their reproductive success through an 
increase in offspring growth rate and body condition, survival to fledging, and subsequent 
recruitment into the breeding population (e.g. van Noordwijk, McCleery & Perrins 1995; 
Naef-Daenzer & Keller 1999; Tremblay et al. 2003, Thomas et al. 2003). Breeding pairs 
may also directly benefit from a reduction in the energetic cost and workload associated 
with chick provisioning which may increase their persistence in the population and the 
number of reproductive opportunities, i.e. their lifetime reproductive success (Thomas et 
al. 2001a,b). 
Because the timing of breeding has major demographic consequences, it is important to 
understand how individuals and populations track non-directional inter-annual variation 
in the optimal breeding date (Przybylo, Sheldon & Merila 2000; Wilson & Arcese 2003) 
or repeated directional shifts resulting from human-induced climate change (Crick et al. 
1997; Visser et al. 2003; Bradshaw & Holzapfel 2006). The hypothalamic-pituitary-
gonadal axis appears to be primed by a genetically-determined response to photoperiod 
which prepares the reproductive system and opens the temporal window in which 
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gonadal recrudescence, ovulation, copulation, and egg-laying may later occur 
(Lambrechts & Perret 2000; Coppack 2007). However, the exact date of egg-laying in a 
given year and locality appears to be determined by local environmental cues. Females 
"read" these cues and accelerate or retard egg production in order to fine-tune breeding 
phenology to local conditions. This phenotypic plasticity in breeding date has come 
under increasing scrutiny because the reliability of the available information, accuracy of 
cue interpretation, and plasticity of the response will determine whether or not individuals 
and populations are able to accurately track the yearly variation in the timing of peak 
food abundance and hence optimal breeding date (Visser et al. 1998; Sanz et al. 2003; 
Both et al. 2006). 
At the population level, variability in breeding date can be large. In two blue tit 
(Cyanistes caeruleus Linnaeus) populations which we have studied for 14 and 31 years 
(hereafter termed Muro and Pirio, respectively; see Blondel et al. 2006), mean laying date 
for the first egg spans 22 days at Muro and 16 days at Pirio. This variability is by no 
means uncommon (e.g. Sanz 1998; Fargallo 2004). Because photoperiod does not vary 
between years for a given locale, inter-annual variation in breeding date can only be 
attributed to variation in local conditions, most probably during the "spring" period of 
gonadal recrudescence and follicular maturation. The most likely candidates as cues that 
females use to adjust laying date are food availability, temperature, and vegetation 
phenology, but other less obvious cues may exist (Visser & Lambrechts 1999; Bourgault, 
Caro & Perret 2006). 
Food availability during the pre-laying period could affect body condition in females and 
so potentially facilitate or impede gonadal and follicular development (Perrins 1970; 
Williams 2005). However, food supplementation experiments for parids during the pre-
laying period have either shown no effect (Clamens & Insenman 1989; Ramsay & 
Houston 1998) or advanced laying date by <5 days (Svensson & Nilsson 1995; Nager, 
Ruegger & van Noordwijk 1997; Ramsay & Houston 1997). Because the effect of food 
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supplementation is far less than the generally observed inter-annual and between-
individual variation in laying date, food abundance probably plays only a minor role in 
setting the timing of breeding. 
Temperature during the pre-laying period may have two potential effects. First, by 
reducing thermoregulatory costs, increasing temperatures may place females in a more 
positive energy balance allowing them to invest more energy and material (lipids and 
protein) in follicular development and egg production (Ward 1996; Stevenson & Bryant 
2000; Saino et al. 2004). Current temperature may also be a somewhat reliable indicator 
of future temperatures, thus allowing females to use current temperature to predict the 
time of bud burst, leaf production and the future peak in the abundance of insect prey 
(Visser & Lambrechts 1999). Numerous studies have described the correlation between 
some measure of local temperature and laying date (e.g. van Balen 1973; Perrins 1979; 
Perrins & McCleery 1989). More recently, others have sought to refine the relation by 
examining patterns in the progression of spring temperatures and their effect on laying 
date (e.g. Gienapp, Hemerik & Visser 2005; Visser, Holleman & Gienapp 2006). Some 
of these studies leave the impression that temperature necessarily has a direct effect on 
laying date, i.e. that there is a direct and causal link between temperature and laying date. 
There is no question that temperature and laying date are correlated, but the link between 
the two may well be indirect, leading to the erroneous conclusion that temperature 
directly determines laying date. Temperature is a well-known determinant of vegetation 
phenology, affecting the spring development of buds, the timing of bud burst and the 
production of young leaves, as well as the availability of caterpillars and other folivorous 
insects (Buse & Good 1996; Chmielewski & Rotzer 2001; van Asch et al. 2007). 
Breeding birds could use vegetation phenology as a cue for timing laying date. 
Vegetation may provide reliable information about future conditions, particularly the 
abundance of folivorous insects, for at least two reasons. First, spring bud development 
is based on the integration of spring temperatures over a relatively long time window, 
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thus dampening the effects of transient warm or cold spells (Hunter & Lechowicz 1992; 
Chuine 2000). Second, the timing of peak abundance of folivorous insects such as 
caterpillars is causally related to vegetation phenology. Caterpillars do not occur until 
buds burst and young tender leaves develop. Because caterpillars feed primarily on 
young leaves with little protection by secondary compounds (Buse & Good 1996; Jones 
& Despland 2006), the timing of the peak in caterpillar abundance is tightly correlated 
with the growth of young leaves that immediately follows bud burst. Thus bud burst and 
the subsequent development of young leaves set the timing and duration of the spring 
peak in caterpillar abundance that occurs 20-30 days later. 
Temperature, vegetation phenology, and laying date are clearly related, but the structure 
of this simple web of variables and the nature of the relationships cannot be determined 
by simply examining the correlation matrix. Temperature could determine vegetation 
phenology and laying date separately with no direct link between vegetation and laying 
date (Fig. 1; model 1). Alternatively, temperature could determine phenology which in 
turn sets laying date, with no direct link between temperature and laying date (Fig 1; 
model 2). Any observed correlation between phenology and laying date in model 1 or 
between temperature and laying date in model 2 would simply be spurious. Identifying 
the paths that link variables and the strength and causal nature of these paths is a problem 
well suited for confirmatory path analysis which can not only determine the covariation 
within a network of variables (as do correlation/regression statistics), but can also support 
or reject hypothesized causal relationships among variables. 
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Model 1 Model 2 
Temperature y Phenology Temperature y Phenology 
\ Laying date Laying date 
Fig. 1. Hypothesized causal path diagrams linking temperature, vegetation phenology 
and egg laying date in blue tits. Arrows indicate the direction of causality assumed in 
each model. Solid lines indicate paths with coefficients >0; dotted lines indicate 
coefficients =0. 
In this study, we had two main objectives relating to the timing of breeding in blue tits. 
The first was to test whether experimental food supplementation during the pre-laying 
period advanced laying date in our specific study populations. This would allow us to 
determine whether food availability during the pre-laying period needs to be accounted 
for when analyzing the source of inter-annual variation in laying date. The second was to 
use confirmatory path analysis and breeding data collected over 14 and 21 years for two 
populations of blue tits in Corsica to trace the paths that link laying date to spring 
temperatures and/or vegetation phenology. Path analysis allows us to identify for the first 
time the environmental cues that females use to fine-tune breeding to local conditions. 
By identifying the causal paths that link laying date and environmental cues, this research 
provides critical information on how passerine birds may adjust breeding in the face of 
directional climate change. 
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Methods 
Study sites and field measures 
Our analyses are based on data from the long-term study on two blue tit populations 
located in northern Corsica. One population (Muro; 42°33'N, 08°54'E; 350 m elevation) 
inhabits a north-facing valley dominated by deciduous downy oak forest (Quercus 
humilis) where eggs are typically laid in early April. The other population (Pirio; 
42°34'N, 08°44'E; 200 m elevation) inhabits a west-facing valley dominated by 
evergreen holm oak (Q. ilex) where eggs are typically laid in early May. For detailed 
descriptions of breeding phenology in these two populations see Blondel et al. (2006) and 
Lambrechts et al. (1997). 
At each site, 100-150 concrete nest boxes offer nesting sites and are occupied by 45-100 
breeding pairs in a given year. During spring we visited nest boxes every 1-5 days to 
monitor nest construction and the date of the first egg, which we call laying date in this 
paper. To restrict our analyses to genuine first clutches, we omitted clutches that were 
initiated 30 days after the first clutch in a year in each population, as these are usually 
replacement clutches. When nestlings were 12-15 d of age, we captured and individually 
ringed parents and nestlings at all active nests. 
Beginning in January at Muro and February at Pirio (about 2 months prior to laying date 
in 2006 and 2007), we installed feeders near occupied territories as follows. In a 10-ha 
patch of deciduous oak forest forming part of the Muro study site, feeders were placed 
near all of 20 contiguous nest boxes. Laying date in this supplemented (experimental) 
patch was compared with laying date at a nearby {ca. 5 km) unsupplemented (control) 
patch. At Pirio, feeders were placed at 21 randomly designated territories. An equivalent 
number of control territories were selected ensuring that at least 2 occupied territories 
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separated the supplemented and unsupplemented territories such that unsupplemented 
females did not have access to the feeders. At both sites, supplemented pairs were 
captured and colour-ringed to permit observations to confirm that these birds used the 
feeders. Feeders offered a mix of sunflower seeds, suet, peanuts, and various bird 
supplements. 
We measured the phenology of 10-25 oak trees at Muro and Pirio at least once a week 
until leaves opened. The phenological stage of oak buds was scored according to a 
qualitative scale derived from Du Merle & Mazet (1983), and ranging from 1 (winter 
dormancy) to 8 (fully developed leaves). Phenology scores are somewhat subjective and 
scoring may vary inconsistently between observers. For this reason, data on tree 
phenology were collected by the same person (P.B.) during 3 years in deciduous Muro 
and 4 years in evergreen Pirio. We also monitored changes in caterpillar abundance 
through the season by monitoring frass fall in 15-20, 0.25-m2 collectors placed under the 
forest canopy (Tremblay et al. 2003, see Zandt 1994 for methods). These measures of 
frass production proved to provide a reasonably accurate estimate of caterpillar 
abundance (Zandt 1994) and allowed us to determine the date of peak caterpillar 
abundance each year at both sites (14 years at Muro; 21 years at Pirio). 
Because the development of caterpillars (and hence date of peak abundance) is 
determined by bud burst in a similar fashion at both sites (Fig. 2), and because data on 
caterpillar abundance were collected over a much longer time period than data on tree 
phenology, we used the date of the annual peak in caterpillar abundance as a proxy for 
tree phenology in our path-analysis. The tight correlation (r^O.99) between caterpillar 
peak and bud burst means that caterpillars reliably indicate tree phenology (bud burst) 
roughly 20 days earlier. It could be argued that combining data for deciduous and 
evergreen oak forest artificially inflates the correlation (r2) between caterpillar peak and 
tree phenology and that birds only assess phenology within a given forest type. However, 
our ringing records show that ten individuals have moved between forest types to breed at 
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the appropriate time in each forest type. We conclude that birds are exposed to and are 
able to use the Ml range of phenology offered by deciduous and evergreen oak forest 
when making breeding decisions, independent of their previous habitat experience. 
40 50 60 
Bud Burst Date 
Fig. 2. Relation between the dates of bud burst date and of peak caterpillar date. Fi,s= 
485.38, P< 0.001, R2= 0.99. Years 2005-2007 at Muro and 2004-2007 at Pirio. 
Daily temperatures (maximum, minimum, mean) were obtained from a weather station at 
the Calvi airport, located half-way between Muro and Pirio. We also placed temperature 
dataloggers (iButton thermochrons; model 1922L; Maxim Integrated Products, 
Sunnyvale, CA, USA) in nestboxes at each site between 2004 and 2006. These local 
temperature data allowed us to refine local predictions based on the Calvi airport data. 
Thus, temperature data at Muro were calculated as T°MUTO= 1.129*T° calvi- 2.101 (r =0.99, 
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p<0.001) and temperature data at Pino were calculated as T°Pirio= 1.093* T°
 Caivi - 2.789 
(^=0.92, p<0.001). 
In our analyses we used mean daily temperature at each site, taken during the month 
preceding average laying date for each site; namely March for Muro and April for Pirio. 
Temperature during the general period preceeding laying date has been identified as 
influencing laying date in numerous studies (van Balen 1973; Perrins & McCleery 1989; 
Nager & van Noordwijk 1995; Meijer et al. 1999; Nussey et al. 2005). However, the 
exact time period over which birds might integrate temperature data remains uncertain. 
For this reason, we ran our analyses using mean daily temperature for all 2, 3 or 4 week 
time windows to determine whether the outcome was sensitive to time period. Results 
were similar for most periods, but mean temperature during weeks 1 to 3 at Muro and 3 
to 4 at Pirio had the highest correlation with laying date, so we present results for this 
period only. 
Path models 
In a path model (i.e. without latent variables) there are three possible orientations 
between any two variables (X, Y): (i) X and Y are independent (no arrow), (ii) X->Y or 
(iii) X<-Y. Since our models involve three variables, the total number of logically 
possible models is 3 =27. However, we can exclude some models a priori. First, since 
temperature and the date of budburst is correlated in our data both unconditionally and 
conditional on the date of egg laying, and since budburst cannot cause temperature, we 
can fix one path as: temperature-^phenology. Second, it is extremely improbable that the 
date of egg laying by birds can cause either temperature or dates of budburst, either the 
date of egg laying is independent of the other two variables or, if there is a causal path, it 
must be into the date of egg laying. This therefore leaves only four possible models (Fig. 
3) for consideration. The fourth model cannot be statistically tested by path analysis 
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since it makes no claims of independence or partial independence, but can be accepted if 
all other possible models are statistically rejected. Model 1 proposes that the date of egg 
laying is independent of both the temperature and phenology cues. In model 2 the date of 
egg laying is caused only by temperature, with the date of budburst being causally 
irrelevant since it is only spuriously correlated with the date of egg laying due to the 
common cause of both (temperature). In model 3, temperature affects the date of 
budburst which in turn sets laying date. Therefore the causal cue for egg laying is 
budburst and temperature is only an indirect cause. Model 4 assumes that the date of egg 
laying is caused by both a temperature and a phenology cue. Therefore temperature has 
both a direct and an indirect effect on laying date. Note that, since model 4 is nested 
within models 2 and 3, if either of these models provide a non-significant lack of fit then 
model 4 must as well, but the contrary is not true. If both temperature and phenology are 
causal cues then neither models 2 or 3 will fit, but model 4 will. 
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Model 1 Model 2 
Temperature1 •• Phenology Temperature- •• Phenology 
Laying date \ Laying date 
Model 3 
Temperature- •• Phenology 
Laying date 
/ 
Model 4 
-2.564 
(-2.015) _ 
Temperature » Phenology 
-0.126 
(-2.026) 26) \ 
Laying date A .604 (0.328) 
Fig. 3. Four possible cause-effect linkage models linking environmental variables 
(temperature and phenology) to egg laying date in blue tits. Arrows indicate the direction 
of causality assumed in each model. Solid lines indicate paths with coefficients >0; 
dotted lines indicate coefficients =0. Values for model 4 are Path coefficients for each 
direct causal path at both sites. Coefficients for Pirio are in parentheses. 
The cause-effect linkages between the variables in models 1, 2 and 3 impose constraints 
on the covariances and partial covariances between them and the inferential test 
determines if the hypothesized constraints exist in the empirical data. If the causal 
process generating the data follows the one proposed by the model then the constraints in 
the model will be mirrored in the data and the associated P-value will be non-significant 
(P> 0.05). Alternatively, if the constraints in the model do not agree with the generating 
process then the patterns of covariation predicted by the model will show significant lack 
of fit to the data, allowing us to reject the model (P< 0.05). 
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Table 1. Models 1 -4 are the only logically possible models given the three variables that 
do not contradict known causal orderings. Variables: temp = mean daily air temperature 
prior to egg laying; budburst = march date of budburst by oaks, laying date = march date 
of egg laying by blue tits. The basis set of d-separation claims lists the statistically 
testable predictions of independence made by each model. Also given is the overall test 
of the model for the two sites (Muro, Pirio); models that are rejected are shown in bold 
type. 
Basis set of 
d-sep claims 
Muro 
Pirio 
Model 1 
temp_||_laying date 
budburstj |_laying 
date/temp 
C=87.13,4df, 
p<1016 
C=81.30,4df, 
p<1016 
Model 2 
budburstj |_laying 
date/temp 
C=9.00,2 df, 
p=0.011 
C=14.84, 2 df, 
p=0.0006 
Model 3 
temp_||_laying 
date/budburst 
C=3.84, 2 df, 
p=0.179 
C=14.53, 2 df, 
p=0.0007 
Model 4 
None 
Because our data have a clear hierarchical structure, with repeated egg-laying dates per 
individual over years, and because bud-burst occurs only once per year, classical 
confirmatory path analysis based on a comparison of observed and predicted covariance 
matrices is not appropriate due to the partial dependencies generated by the nested 
structure. Instead, we test our models using d-sep tests (Shipley 2000a, 2000b, 2003) in 
which the hypotheses of (partial) independence predicted by the causal models are 
validated using mixed models (Pinheiro & Bates 2000) to test the path models in R (R 
Development Core Team 2005). A d-sep test consists of deriving a basis set of 
conditional independence relationships predicted given the topological structure of the 
path model that predicts all other predicted patterns of correlation and partial correlation 
among the observed variables; these are shown in Table 1. If a d-separation claim in the 
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basis set predicts that two variables (X and Y) are independent conditional on another 
variable Z (written as "X_||_Y/Z"), then the partial slope associated with X of a mixed 
model regression of Y on X plus Z will not be significantly different from zero. The 
entire basis set (and therefore the entire model) is tested using the C = -2^1n(/j,.) test 
statistic in which p, is the null probability associated with the i d-separation claim in the 
basis set. If all of the predicted patterns of independence and conditional independence 
correctly exist in the data, then C is distributed as a chi-squared statistic with 2k degrees 
of freedom, where k is the number of d-separation claims in the basis set. 
Results 
The effect of supplemental food on laying date 
In deciduous Muro, in years when no supplemental food was provided, the experimental 
plot, which was located at slightly higher elevation, had a significantly later annual mean 
breeding date compared with the control plot (experimental plot: 40.8 ± 4.2; control 37.2 
± 4.3; Paired-samples t-test: t= -4.13, df= 5, P= 0.009), with birds on the experimental 
plot laying a mean of 3.6 days later than on the control plot. In the years when 
supplemental food was provided, birds bred 8.3 days later on the experimental than on 
the control plot. In evergreen oak forest (Pirio) there was no significant difference in 
laying date for birds on supplemented and unsupplemented territories (LMM: t= 0.83, df= 
1,104, P= 0.41). We conclude that there is no evidence that birds respond to increases in 
food abundance by breeding earlier in either deciduous or evergreen oak forest. 
117 
The relation between temperature, phenology, and laying date 
Laying date, vegetation phenology, and spring temperature are all strongly correlated 
(Fig. 4) at Muro and Pirio making it impossible to determine the causal nature of the 
relationship between these three variables without path analysis. 
Table 1 summarizes the tests of the path models. Models 1 and 2 are rejected (PO.05) at 
both Muro and at Pirio. Model 3 is not rejected at Muro but is rejected at Pirio. Since all 
possible models except for model 4 are rejected at Pirio, the only remaining model is 
Model 4. Since model 3 is not rejected at Muro then model 4 cannot be rejected either. 
Thus, the data are consistent with two possibilities: (1) Model 4 applies at both sites but 
the strength of the causal relationships differ and the temperature-^ laying date path at 
Muro is sufficiently weak that it is not significantly different from zero, (2) The 
temperature-^ laying date path at Muro really is zero (i.e. no causal connection) and so 
the underlying causal structure of the bird's response to the cues differs at the two sites. 
Since model 4 is not statistically rejected at either site using the d-sep test, it can still be 
rejected if there are no significant differences in the strength of the path coefficients 
between the two sites. We therefore ran a mixed-effects model with laying date as the 
dependent variable, site (Muro/Pirio) as a categorical covariate, temperature and 
vegetation phenology as independent variables, year and female as random effects, and 
including the site x temperature and site x phenology interactions to test for differences 
in the path coefficients between sites. The significant interactions site x temperature (P< 
0.01) and site x phenology (P< 0.001) confirm that the relative contributions of 
temperature and phenology in setting laying date change between the sites and as season 
progresses. 
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Fig. 4. Relations between mean egg laying date, vegetation phenology and temperature at 
Muro (14 years) and Pirio (21 years). Temperatures are mean daily temperatures during 
weeks 1 to 3 for Muro and weeks 3 to 4 for Pirio during the month preceding mean laying 
date at each site. 
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Figure 3 shows the path coefficients for model 4 at each site. At Muro (the early-laying 
population) the direct effect of temperature on laying date is at best modest since a 1°C 
increase in spring temperature advances laying date by between 0 and 0.126 days. In 
contrast, the indirect effect of temperature was substantial and advanced the laying date 
by 1.55 days; this indirect effect is the product of the temperature-^budburst and 
budburst-Maying date path coefficients. At Pirio (the late-laying population) the direct 
effect of temperature on laying date was 16 times greater; a 1°C increase advances laying 
date by 2.026 days. The indirect effect of temperature on laying date at Pirio (an advance 
of 0.66 days) was therefore only half as important as at Muro. At Muro, an advance in 
the date of budburst by one day at a fixed temperature advanced the date of egg laying by 
0.604 days but at Pirio the date of budburst at a fixed temperature advanced the date of 
egg laying by only 0.328 days. 
Discussion 
Our food-supplementation experiment confirms previous observations that variation in 
food availability during the pre-laying period does not explain the considerable 
interannual variation in laying date within a given habitat (see Clamens & Insenman 
1989; Ramsay & Houston 1998; Svensson & Nilsson 1995; Nager, Ruegger & van 
Noordwijk 1997; Ramsay & Houston 1997). This allows us to focus on temperature and 
phenology as the most likely cues that breeding females use to determine the exact timing 
of egg laying once they are primed to breed by a photoperiod response. 
The relative roles of temperature and of tree and insect phenology in setting laying date 
of temperate passerines have received considerable attention in the avian literature as 
researchers have sought to explain variation in breeding dates over local landscapes (e.g. 
Jarvinen 1993; Nilsson & Kallander 2006) and to understand and predict the responses of 
bird populations to climate change (Nussey et al. 2005; Brommer et al. 2005). Most 
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attention, however, has focused on temperature, leading to efforts to refine post-hoc 
empirical models to better "explain" the effect of temperature on laying date (e.g. 
Gienapp, Hemerik & Visser 2005; Visser, Holleman & Gienapp 2006). This focus on 
temperature have been primarily justified by concern over global warming (a temperature 
effect) and indications of an increasing mismatch between the optimal time for breeding 
relative to prey abundance (thought to be a temperature effect) (Sanz 2003;Visser & Both 
2005). It is important to note, however, that no studies have actually confronted 
phenology-based and temperature-based models of the timing of avian reproduction and 
partitioned effects between the two. This can most probably be explained by the lack of 
an appropriate study system that provides sufficient variation in breeding date to allow us 
to confront the two models and so partition the effects of temperature and phenology. 
The heterogeneous Corsican landscape where blue tits breed over a one- to two-month 
time window provides an exceptionally appropriate study system. 
Our analyses indicate that the relative weighting of temperature and phenology shifts 
across habitats and/or as season progresses. When blue tits breed early in deciduous oak 
forest the timing of egg-laying is primarily determined by tree phenology and 
temperature acts principally as an indirect cause through its effect on phenology. When 
tits breed late in evergreen oak forest, the direct effect of phenology declines by about 
half and temperature becomes an important additional cue for egg-laying, increasing in 
importance by almost 16 times. Because this study used long-term data available for only 
two study sites, we cannot determine whether it is season or habitat that causes the shift 
in the weighting of the direct phenology and temperature effects on laying date. 
Why birds shift the emphasis from phenology towards temperature as season progresses 
(or across habitats) may be related to the reliability of the two cues and the penalty of 
mismatching breeding to the optimal breeding date. In deciduous oak forest, where tits 
breed early in spring, temperatures are typically cool with mean daily temperatures of 
10.5 ± 1.9°C and minimum night time temperatures often approaching 0°C. Cool 
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temperatures result in high thermoregulatory costs and low temperatures and the absence 
of foliage in oaks and other deciduous tree and shrub species results in low overall insect 
abundance. If birds responded to transient warm spells by initiating egg-laying, we 
would expect the penalty to be high in terms of egg size or quality (Nager & van 
Noordwijk 1992; Stevenson & Bryant 2000), incubation costs (Bryan & Bryant 1999), 
hatching success, and nestling survival once temperatures return to the cool seasonal 
norms. Tree phenology, however, integrates temperatures over a longer time frame and 
buffers transient temperature changes, so should provide a more reliable cue for breeding, 
or at least a signal less prone to transient noise early in spring. In addition, there is a 
direct and causal link between tree phenology and caterpillar prey abundance because 
caterpillars only develop once buds burst and leaves develop. Thus, by using the early 
stages of bud development as a cue for the initiation of egg-laying, birds increase the 
probability that eggs will hatch and nestlings develop when prey is most abundant. 
If phenology is a reliable indicator of the optimal timing for egg-laying in deciduous oak 
forest, one can question why this is not the case in evergreen oak forest where birds breed 
late in the season. Here, our results based on 21 years of data show that birds integrate 
both temperature and phenology cues to initiate egg-laying. Although our data do not 
allow us to address this question with certainty, there may be two reasons. First, bud 
burst in a deciduous forest is more easily perceived since it contrasts the total absence 
with the presence of leaves while bud burst in the evergreen forest is less obvious since 
less than 30% of foliage is renewed in a given year. Second, we argue that the speed of 
bud burst, leaf development, and caterpillar growth at higher ambient temperatures may 
not allow birds to rely solely on phenology. It takes approximately 19 days to lay and 
incubate a 6-egg clutch (1 egg/day and 13 days incubation) which results in a minimum 
lag of 19 days between the time when females could initiate egg-laying based on their 
perception of phenology and when they finally begin feeding nestlings. In May when 
females lay clutches in evergreen oak forest (e.g. Pirio), mean daily temperatures are 
approximately 2°C higher than at Muro where females breed a month earlier (see Fig. 4, 
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middle panel). Because bud burst, leaf development, and caterpillar growth are all 
temperature-dependent processes, higher ambient temperatures will necessarily accelerate 
growth and reduce the time between the initiation of bud development (the earliest 
phenology cue available to females) and the presence of leaves and caterpillars (the 
critical period determining nestling growth and survival) (van Asch et al. 2007). The 
time-constraint imposed by egg production and incubation may force females to integrate 
additional cues, such as temperature, in order to anticipate the appropriate breeding date 
sufficiently early to allow them to synchronize breeding with food availability. 
Curiously, this same time constraint could explain why birds breeding late in the season 
tend to lay smaller clutches (calendar effect). Pirio, one of the latest-breeding population 
in southern Europe, also has the smallest clutch size (6.5 eggs at Piro vs 8.5 eggs at 
Muro; Blondel et al. 1999). Reducing clutch size would allow females to gain one day 
per egg, possibly allowing them to better synchronize the nestling period with food 
abundance under a time-constraint. 
Our analyses are based on two blue tit populations that breed in different forest types and 
at different times of the year. It is thus difficult to differentiate the effects of habitat and 
season. In past, we have argued that geographic isolation between the populations has 
led to genetically-based local adaptation ("differentiation with gene flow"; Blondel et al. 
1999) in breeding dates over a fine spatial scale (25 km separate Muro and Pirio), just as 
it appears to have done between insular and mainland populations (Blondel et al. 1993; 
Blondel et al. 2006). In the "local adaptation framework", these two populations have 
evolved separate control mechanisms, allowing each to accurately time the initiation of 
breeding to the optimal time in the local landscape. This genetically-based framework 
suggests that populations become specialized and would use inappropriate cues to time 
breeding in an alternate habitat, thus incurring a fitness penalty for dispersal. 
Alternatively, the differences in breeding date observed between populations may only be 
the expression of phenotypic plasticity, with females being able to adjust the weighting of 
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cues as season progresses. In the field, deciduous and evergreen oak habitats tend to be 
relatively homogeneous patches defined by sharp geographic barriers, so we do not see 
the continuum of breeding dates that would normally be associated with the expression of 
phenotypic plasticity along an environmental gradient. This makes it particularly 
difficult to recognize phenotypic plasticity if and when it occurs. 
If the control mechanisms that determine the timing of breeding differ between 
populations as part of a local specialization, then one would expect females from Muro 
and Pirio to initiate breeding at different times when housed in a common environment. 
Muro females would "read" only phenological information, while Pirio females would 
combine temperature and phenology. However, if differences in the timing of breeding 
in the field simply reflect a change in the weighting of the phenology and temperature 
cues as season progresses (plasticity), then we would expect females from the two 
populations to breed at the same time when housed in a common environment. 
Data from aviaries at the CNRS in Montpellier confirm the latter prediction. Over the 
past 20 years, we have allowed 34 Muro females and 34 Pirio females to breed in 27m 
aviaries (Lambrechts & Perret 2000; Caro et al. 2007; plus unpublished data). There, 
breeding date does not differ significantly between the two populations under identical 
environmental conditions (Table 2; F\t66= 0.21; P= 0.65). It is particularly interesting to 
note that the vegetation in and directly around the aviaries is evergreen oak vegetation. 
In this controlled environment where food, vegetation, and temperature are common to 
both types of females, Pirio females breed only slightly later than they normally do in the 
field, but Muro females retard breeding by a full month such that they overlap the laying 
dates for Pirio females in the aviaries (Table 2). It appears that females from the Muro 
and Pirio populations use the same temperature and phenology cues and adopt the same 
weighting at the same time of year. 
124 
Table 2. Mean laying dates of blue tits from Muro (1994-2005) and Pirio (1986-2006) 
breeding in aviaries (Montpellier) and field conditions. Values are days after 1 March. 
Different letters indicate significant differences at P< 0.05, based on Tukey post-hoc 
tests. 
Breeding Site 
Muro aviary (n= 34) 
Pirio aviary (n= 34) 
Muro field (n= 410) 
Pirio field (n= 758) 
Mean laving date (± SD) 
75.9 ± 15.1 a 
74.6 ± 8.3 a 
37.2 ± 9.1 b 
70.8 ± 6.6 c 
These data would seem to support the phenotypic plasticity framework. We thus argue 
that early in spring when the reliability of temperature as a breeding cue is contaminated 
by transient warm spells, female blue tits rely exclusively on tree phenology to trigger the 
onset of egg-laying. However, as season progresses and temperatures rise, females shift 
from a predominantly phenology-based cue system to a predominantly temperature-based 
cue system to allow them to anticipate the optimal breeding date. This rule of thumb can 
be resumed as: If days are short and temperatures are low, base the breeding decision on 
tree phenology. As days get longer and temperatures rise, reduce the weighting of 
phenology and increase the weighting of temperature in the decision process. 
Reliance on both temperature and phenology when birds breed late in the season, as 
occurs in most populations where tits have been intensively studied north of the 
Mediterranean region, satisfactorily explains how tit populations can advance breeding in 
response to rising spring temperatures while maintaining a relatively large variation in the 
onset of breeding on a local spatial scale (Nager & van Noordwijk 1995; Massa et al. 
2004; Nilsson & Kallander 2006). Rising spring temperatures at a regional scale drive 
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earlier breeding. However, differences in the phenology of the dominant tree/shrub 
species that constitute the local plant community introduce variation in breeding date that 
can be expressed at an extremely fine local scale. For example, tits breeding in 
residential garden habitats breed earlier than their counterparts breeding in adjacent forest 
landscapes (Perrins 1979; Dhondt et al. 1984). These differences can be manifested 
across a scale measured in hundreds of meters, a scale much finer than that normally 
found for local temperatures. 
Our analyses offer some hope for the response of breeding populations to global 
warming. Visser et al. (2005) have shown that in some tit populations breeding date may 
not accurately track the advance in peak prey availability, resulting in an increasing 
mismatch between nestlings and their prey and a decline in fledging success over time. If 
temperature alone were responsible for the timing of breeding, climate change could 
cause a severe decline in breeding success, with demographic consequences that could 
endanger population persistence. The incorporation of phenological cues in the decision 
process governing the timing of reproduction, however, should act to buffer avian 
responses to global warming. While birds and their prey may not respond in concert to 
increasing spring temperatures, thus resulting in an asynchrony between nestlings and 
their preferred prey, the vegetation phenology cue will oppose this mismatch and draw 
breeding date towards the optimal time window. This view assumes that vegetation 
phenology and the peak in insect prey abundance are causally linked. We believe this to 
be the case, at least for tits feeding on caterpillars, because folivorous insects develop 
best on young tender leaves with low levels of constitutive defences. 
Although our results indicate that temperature and phenology participate in a joint control 
of breeding date, they tell us little about the relative contribution of these two paths and 
how they are set. We anticipate that selection can change the relative weighting of the 
two cues and hence the slope of the relation between temperature or phenology and 
breeding date. We expect that just as climate change can select for increasing or 
126 
decreasing phenotypic plasticity in breeding date (Nussey et al. 2005; Brommer et al. 
2005; Bradshaw & Holzapfel 2006), it can modify the weighting of the two primary 
variables in the breeding control mechanism. Examining how the relative weighting of 
these control mechanisms vary between individuals and over time will require 
experiments in controlled-environment chambers (Visser 2006); however, our data 
showing that the weighting changes over season or between habitat types provides the 
framework for making testable predictions. 
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CHAPITRE Hie 
VEGETATION PHENOLOGY EXPLAINS VARIATION IN TIMING OF 
BREEDING IN A PASSERINE BIRD: A MULTI-SITE APPROACH 
Description de Particle et contribution 
Les conclusions de 1'article precedent portent sur le changement dans 1'importance 
relative de la phenologie de la vegetation et de la temperature en fonction du contexte 
ecologique (habitat ou saison), suggerant ainsi que les oiseaux possedent la flexibilite 
d'integrer les indices les plus pertinents et efficaces selon les circonstances. Ceci pourrait 
done expliquer en partie 1) la grande variabilite observee dans le declenchement de la 
ponte des mesanges de Corse, et 2) leur capacite apparente a maintenir un synchronisme 
avec les periodes favorables peu importe 1'environnement ou est etabli le territoire de 
reproduction. II faut toutefois mentionner que l'analyse portait sur seulement deux sites 
d'etude. Nous avons maintenant besoin de tester ce modele sur une plus grande echelle 
en observant le maximum d'evenements de reproduction sur un large gradient 
environnemental, pre-requis indispensable a la generalisation de nos resultats sur 
1'ensemble du paysage. 
La plupart des recherches actuelles basees sur les correlations date de ponte / 
environnement et utilisant des donnees prelevees sur des sites uniques et homogenes, 
offrant de ce fait peu de variation des facteurs environnementaux dont on cherche 
justement a isoler les effets, sont tres peu propices pour determiner Pimportance relative 
de ces facteurs sur la ponte. Repondre a cette question en utilisant des donnees prises 
directement sur le terrain requiert done un contexte de recherche presentant un maximum 
de variabilite, offrant ainsi l'opportunite d'accumuler des donnees de reproduction dans 
un large eventail de conditions environnementales. Le paysage Corse est ideal pour 
mener un projet de ce type; dans un espace geographique relativement restreint, il est 
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possible de retrouver la majorite des conditions environnementales rencontrees par les 
oiseaux. L'altitude, la temperature et le type d'habitat sont fortement contrastes, ce qui 
favorise la creation de gradients environnementaux dont nous avons su tirer profit. Cette 
approche nous permet done de tester directement, avec des oiseaux se reproduisant 
librement, les effets relatifs des deux variables environnementales (phenologie de la 
vegetation et temperature) les plus susceptibles d'influencer le declenchement de la 
reproduction des oiseaux. L'objectif de cet article est done de confirmer l'importance de 
la phenologie de la vegetation comme variable cle de la coordination de la reproduction 
des mesanges, tirant parti du contexte de grande heterogeneite spatiale de la Corse. 
Ma participation a cet article a ete majeure. J'ai concu la totalite du projet, imagine et 
realise le design d'echantillonnage, recolte les donnees et fait les analyses. J'ai redige 
une premiere version complete de l'article, que le Dr. Don Thomas a grandement 
ameliore. Ma part de participation dans la redaction de Particle sous sa forme actuelle est 
d'environ 80%. 
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VEGETATION PHENOLOGY EXPLAINS VARIATION IN TIMING OF 
BREEDING IN A PASSERINE BIRD: A MULTI-SITE APPROACH 
par 
PATRICE BOURGAULT, DON THOMAS, PHILIPPE PERRET, JACQUES 
BLONDEL & MARCEL LAMBRECHTS 
Abstract 
The regulation of reproductive schedules is an important determinant of avian breeding 
success. In heterogeneous environments, the optimal breeding period may fluctuate 
temporally across habitats, often on a spatial scale much shorter than the average 
dispersal range of individuals. The synchronisation of reproductive events with the most 
favourable period at a given site therefore involves the integration of a suite of fine-scale 
environmental signals which contain information about future breeding conditions. In 
this study, we monitored clutch initiation date of blue tits {Cyartistes caeruleus) breeding 
in a wide range of environmental conditions (altitude, temperature regimes, habitat type) 
in Corsica (France) to understand the role of spring temperature and leafing phenology on 
the precise fine-tuning of egg laying on a local scale. Timing of breeding in blue tits was 
strongly correlated with phenology of the dominant vegetation {?= 0.87). In contrast, 
spring temperature was not as robust a predictor of the timing of breeding, because a 
large part of the residual variation in egg laying date was accounted by differences (ca. 2 
weeks) in the development of the vegetation between habitat types (evergreen vs 
deciduous oak forests). Female blue tits therefore appear to use the environmental 
variable (vegetation phenology) that is most closely linked to the future production of 
insect prey in order to accurately time laying over the entire spatio-temporal breeding 
landscape. 
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Introduction 
For passerine birds, as with most animals, the timing of breeding is the reproductive trait 
that probably has the greatest impact on fitness (Clutton-Brock 1988, Nilsson 1999). 
Breeding pairs must synchronise their reproductive schedules with environmental 
conditions such that crucial and energetically costly stages coincide with the period when 
environmental conditions and food availability are most favourable (Reale et al. 2003, 
Tremblay et al. 2003, Loe et al. 2005). If breeding pairs, and particularly females, are to 
initiate the sequence of reproductive events that ultimately results in the appropriate 
timing of the most costly period (probably nestling rearing), they must integrate signals 
that are reliable indicators of future local conditions. Fine-tuning of breeding time 
therefore involves decision rules based on current environmental cues, and selection may 
act on the sensitivity, plasticity and the accuracy of cue interpretation. 
Considering the long-standing interest in avian reproduction, we still know surprisingly 
little about the exact nature of the environmental cues that individuals use to regulate the 
precise timing of breeding, the relative importance or weighting of these cues and the 
physiological mechanisms underlying plasticity in processing environmental information 
(Jacobs and Wingfield 2000, Bourgault et al. 2006, Visser 2008, Wingfield et al. 2008). 
Determining the exact causal relationships in the cue-response system that leads to 
adaptive variation in reproductive schedules is crucial to our understanding of how and 
whether breeding pairs are able to accurately track natural non directional variation in the 
optimal breeding date and whether they can respond to repeated directional changes 
resulting from human-induced global warming (Crick et al. 1997, Visser et al. 2004, 
Bradshaw & Holzapfel 2006). 
Temperate-zone insectivorous passerine birds are good models for exploring the causal 
relationships between candidate proximate factors and the onset of breeding. In most 
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seasonal environments, the optimal time window for reproduction is narrow and 
fluctuates temporally across years. Birds must therefore depend on some signals from the 
environment to predict the feeding conditions that will prevail later during the nestling 
period, and adjust egg-laying date accordingly. The seasonal change in day length 
(photoperiod) largely determines the physiological and hormonal changes that 
accompany the onset of gonadal development (Lambrechts and Perret 2000, Coppack 
2007), but photoperiod cannot be used to accurately predict subtle year-to-year variation 
in food availability at a given site (Wingfield et al. 1992) or fine-scale local variation 
between sites or habitats. Precise fine-tuning of egg-laying date in a given year and 
locality thus necessarily involves a set of supplementary environmental cues, such as 
food availability, ambient temperature, vegetation phenology or even population density 
and social interactions (Tramontin et al. 1999; Visser and Lambrechts 1999; Perfito et al. 
2005; Nilsson and Kallander 2006). Although all these factors (in addition to innate and 
physiological conditions such as body condition, previous reproductive effort and 
plumage condition among others) may play a role in setting breeding date (Nilsson and 
Svensson 1996, Bowlin and Winkler 2004), the weighting of their contribution to 
variation in breeding date varies. For example, food availability likely plays a minor role 
because pre-breeding food supplementation experiments have either shown no effect or 
advanced laying date by no more than one week in single-brooded passerine birds 
(reviewed in Meijer and Drent 1999). This is far less than the approximately 20 to 30-
day inter-annual variation that is commonly observed in breeding populations (e.g. Lack 
1966), so food availability appears to explain at best roughly 15-20% of the observed 
variation. 
Being temperature-dependent, the progression of development (phenology) in various 
biological systems is often best described by climatic variables (e.g. Penuelas et al. 2002). 
Ambient temperature has thus been repeatedly implicated as an important supplementary 
short-term cue that female passerines use to time egg-laying (Visser and Lambrechts 
1999, Gienapp et al. 2005). Much of the research describing and attempting to explain 
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inter-annual variation in the timing of breeding has focused on ambient temperature as 
the main environmental cue, often leaving the impression that there is a direct and causal 
link between variation in ambient temperature and variation in breeding date. Although 
the initiation of many life-history traits and the rate of growth and development of most 
biological systems are clearly temperature-dependent (Hughes 2000, Ottersen et al. 2001, 
Parmesan and Yohe 2003, Root et al. 2003), there is no a priori reason to expect that 
breeding date in birds is set by ambient temperature per se. At the proximal level, 
experimental evidence for a predominant role of temperature on gonadal maturation 
remains equivocal. Controlled laboratory experiments indicate that temperature has 
either no or only a slight effect on gonadal maturation, but does not explain the whole 
range of variation we observe in the field (e.g. Silverin and Viebke 1994, Dawson et al. 
2005, Perfito et al. 2005). 
There is thus no clear evidence that the timing of breeding in passerine birds is directly 
and causally set by temperature, although there is no question that they are strongly 
correlated. Indeed, the correlation between breeding date and temperature may obscure 
the effect of other environmental variables that are themselves correlated with 
temperature. For example, vegetation phenology, especially bud development of 
deciduous trees, is tightly linked to spring temperature (Chuine and Cour 1999, 
Chmielewski and Rotzer 2001). Because the development and emergence of insect 
larvae used to feed nestlings is also synchronized with local bud development (Buse and 
Good 1996, van Dongen et al. 1997, but see Visser and Holleman 2001), birds could 
possibly use vegetation phenology as a cue to predict the period of peak food availability, 
and hence to accelerate or retard egg production to match breeding phenology to local 
conditions. Because temperature and vegetation and insect phenology are tightly 
correlated, it is difficult to partition their effects on breeding date. 
Convincing evidence remains scarce, yet vegetation and/or insect phenology have 
repeatedly been suggested as important determinants of variation in breeding date. In a 
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multi-site study on great tits, Nager and van Noordwijk (1995) found that additional 
environmental variables, possibly the phenology of caterpillars, influenced laying dates 
once the effect of local spring temperature was controlled for. In song sparrows, 
laboratory and field works confirmed that the large two-month delay in laying date 
between low and high altitude could be best explained by the timing of plant flowering 
(Perfito et al. 2004, 2005), and inter-annual differences in laying dates of blue and great 
tits was related to leafing phenology of oak and birch trees in two contrasted habitats 
(Nilsson and Kallander 2006). More recently, Moller (2008) found that micro-
geographic variation in laying date of barn swallows was correlated with the phenology 
of local vegetation. 
In an effort to better understand the relative roles of ambient temperature and vegetation 
phenology in setting breeding date in passerine birds, we monitored spring temperatures, 
vegetation phenology and egg laying date in 10 populations of Blue Tits over a three year 
period on the Mediterranean island of Corsica. The geographic configuration of the 
Corsican landscape, which is characterized by a very rugged topography and a 
heterogeneous, fine-grained mosaic dominated by either broad-leaved deciduous or 
evergreen oak species, results in large variation in breeding dates in free-ranging blue tits 
(Blondel 2006). Here, the date of first eggs spans >1.5 months over a spatial scale 
measured in tens of kilometres. The close match between breeding date and the short 
period of local food availability coupled with high fledging success in each population 
indicate that birds are able to accurately integrate subtle, fine-scale environmental signals 
and so time the nestling rearing period to coincide with the peak availability of their main 
prey, caterpillars. This large flexibility in breeding date and the large variation in local 
climate and vegetation phenology provide an exceptional opportunity to examine the 
relative roles of temperature and vegetation phenology in setting breeding date in this 
model passerine. 
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Methods 
Study sites and field procedures 
Blue tit populations were studied at 10 sites scattered on the northwest part of the 
Mediterranean island of Corsica between 2005 and 2007 (Table 1). Five sites were 
located in broad-leaved deciduous oak forests (Quercus pubescens) and 5 in evergreen 
holm oak forest (Q. humilus). Sites covered an altitudinal gradient of 200m-1000m for 
deciduous oak and 100m-900m for evergreen oak forests, thus providing a wide range of 
spring temperatures and bud development dates. Each study site represented a relatively 
homogeneous vegetation covering 5 ha to 200 ha in which 20 to > 100 concrete nestboxes 
offered breeding sites for locally-resident blue tits. 
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Table 1. Characteristics and distance matrix of the ten study sites on Corsica. Numbers 
below each study site refer to the number of nests and altitude at each site, respectively. 
Distances between sites are in km. 
Mur 
Pon 
Ava 
Alt 
Pio 
Gra 
Gen 
Pir 
Mon 
Olm 
Deciduous broad-
Mur 
100 
350 ,. 
_ 
5 
2.5 
1.5 
7 
6 
5 
25 
25 
9 
Pon 
40 
200 
_ 
4 
4.5 
10 
10 
1 
19 
21 
14 
Ava 
20 
400 
_ 
1.5 
9 
7 
4 
22 
25 
11 
leaved oak 
Alt 
10 
650 
_ 
7 
7 
5 
25 
25 
9 
Pio 
35 
1000 
-
5 
11 
28 
27 
3 
Evergreen ho 
Gra 
60 
100 
_ 
11 
29 
29 
8 
Gen 
40 
150 
_ 
19 
19 
14 
Pir 
140 
250 
_ 
6 
30 
m-aok 
Mon 
20 
350 
_ 
30 
Olm 
20 
900 
_ 
Nestboxes were routinely checked at least once a week early in the season and more 
frequently once laying began to monitor nest construction and laying date. We noted 
laying date as the date when the first egg of a clutch was observed. When more than one 
egg was present, we backdated on the assumption that one egg was laid per day. We 
restricted our analyses to genuine first clutches by excluding clutches that were initiated 
30 days after the first clutch in a year in each population. When nestlings were 12-15 d, 
parents were captured at the nest, ringed, sexed, aged, weighed, and measured for tarsus 
and wing length. 
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Temperature and phenology data 
Temperature data were obtained using temperature dataloggers (iButton thermochrons; 
model 1922L; Maxim Integrated Products, Sunnyvale, CA, USA) placed in 5-20 
nestboxes at each site. We calculated monthly averages of daily mean temperature (°C), 
taken during the month of March, as temperature during this period is strongly correlated 
with egg-laying date at all sites (P. Bourgault, unpublished results) and because 
temperature during this general pre-laying period is correlated with laying date in 
numerous studies (van Balen 1973, Perrins and McCleery 1989, Nager and van 
Noordwijk 1995, Meijer et al. 1999, Nussey et al. 2005). 
To allow us to compare sites and years and to place them on a common axis, we used the 
temperatures of one deciduous forest site (Muro) in 2005 as a reference. We then 
subtracted the mean March temperature for Muro 2005 from each site and year, thus 
scaling sites and years along a temperature axis where Muro 2005 was zero. 
To quantify the progression of vegetation phenology through the pre-laying and laying 
season, we noted the developmental stage of oak tree buds at least once a week on 10-25 
trees at each sites. The phenological stage of oak buds was scored according to a 
qualitative scale derived from du Merle and Mazet (1983), ranging from 1 (winter 
dormancy) to 8 (fully mature leaves). Because using stages 2 to 5 (early to late bud 
development) in our analyses produced similar results, we used bud burst (stage 5) as the 
independent variable in our analyses and refer to this as tree or vegetation phenology. 
The scoring of bud development can vary slightly between observers, so data on tree 
phenology were collected by the same person (P.B.) during the 3 years of this study. 
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Statistical analyses 
To model population-level average responses to environmental variables, we used linear 
mixed effects models (LME; Pinheiro and Bates 2000) in GenStat 9th edition, with annual 
mean egg-laying date at each site as the main dependant variable, and temperature 
gradient, habitat type (evergreen or deciduous oak) or vegetation phenology as the 
independent variables, depending on the model tested. Because our data included 
repeated measures of breeding time for the same study site, we included site as a random 
factor to avoid pseudoreplication. The significance of adding the random term was 
assessed by referring changes in the model deviance which follows a chi-square 
distribution. 
Because data were collected on birds from different sites, it could be argued that the 
differences that we observed in breeding dates reflect differences in the quality of 
individuals or differential recruitment between populations (Bears et al. 2008, Moller 
2008) rather than temperature, phenology, or habitat. As a simple test of this assumption, 
we compared morphological traits and age structure for 65 early-breeding females from 
deciduous Muro (low altitude; n= 37) and the three most elevated and late-breeding sites 
(Muro altitude, Pioggiola, Olmi; n= 28) in 2007. We compared differences in weight (g) 
and tarsus length (mm) between low and high altitude using analysis of variance and we 
compared the proportion of juveniles/adults with a chi-square test. 
Results 
There were no differences in morphological traits among female blue tits according to the 
elevation gradient. Weight (F1;63= 0.32; p= 0.57), tarsus length (Flj6i= 3.17; p= 0.08) and 
age structure (J?(if= 0.27; p= 0.60) did not differ between low altitude, early-breeding 
and high altitude, late-breeding birds. 
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Temperature was closely correlated with laying date across habitats and years. Mean 
laying date varied by approximately 4 days for each 1°C difference in local spring 
temperature (table 2, fig. 1). Although birds initiated clutches significantly later in colder 
environments, local temperature alone did not explain all the variation in laying date. 
Females breeding in evergreen oak forests laid their first eggs later as compared to 
deciduous habitats (table 2, fig. 1). After controlling for local temperature, mean laying 
date was approximately 13 days later in evergreen oak patches, and this response was 
comparable to the temporal lag in bud development between evergreen and deciduous 
habitats (fig. 2), irrespective of local spring temperature. 
Table 2. Linear mixed models of annual mean egg-laying date against local spring 
temperature for blue tits breeding in 5 deciduous, and 5 evergreen sites between 2005 and 
2007. Significance of random term (Site) was assessed by comparing change in deviance 
to a chi-squared distribution (log-likelihood test). Coefficient for habitat type is relative 
to deciduous downy oak habitat. 
Fixed terms 
Coefficient s.e. WaldStat df p-value 
Temperature -4.16 1.34 72.21 1 O.001 
Habitat type 13.16 1.90 48.05 1 O.001 
Random term 
deviance df test Log-liktest p-value 
1. Minimal model 99.13 1 
2. Site 94.14 1 l v s 2 4.99 0.025 
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Temperature gradient 
Figure 1. Relationship between annual mean laying date and ambient temperature (with 
temperature at Muro 2005 as a reference) at each site. Symbols refer to specific study 
sites. Black symbols refer to evergreen oak locations, open symbols are for deciduous 
study sites. Dates are march date (32= 1 April). 
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Figure 2. Relationship between bud burst date of oak trees and ambient temperature 
(with temperature at Muro 2005 as a reference) at each site. Symbols refer to specific 
study sites. Black symbols refer to evergreen oak locations, open symbols are for 
deciduous study sites. Dates are march date (32= 1 April). 
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Interestingly, a mixed model analysis of laying date in deciduous and evergreen oak 
forest separately shows that the environmental variables that set laying date differ 
between deciduous forest where birds breed early and evergreen forest where birds breed 
late in the season (Table 3). In early-breeding deciduous forest, phenology rather than 
temperature determines laying date. In contrast, in late-breeding evergreen forest, 
temperature determines laying date. It is important to note that due to the correlation 
between temperature and tree phenology (R2= 0.64 and 0.73 in deciduous and evergreen 
habitats, respectively; Fig. 2), this does not mean that phenology is not important in 
evergreen oak habitats, rather that temperature explains additional variation in laying 
date. 
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Table 3. Linear mixed models of annual mean egg-laying date against local spring 
temperature and vegetation phenology for blue tits breeding in A) deciduous and B) 
evergreen sites between 2005 and 2007. Significance of random term (Site) was assessed 
by comparing change in deviance to a chi-squared distribution (log-likelihood test). 
A) Deciduous oak 
Fixed terms 
Coefficient s.e. Wald Stat df p-value 
Temperature -1.20 0.96 1.55 1 0.21 
Phenology 0.50 0.13 14.96 1 O.001 
Random term 
deviance df test Log-liktest p-value 
1. Minimal model 49.69 1 
2. Site 45.36 1 1 vs 2 4.33 0.03 
B) Evergreen oak 
Fixed terms 
Coefficient s.e. Wald Stat df p-value 
Temperature -2.88 0.75 10.98 1 O.001 
Phenology 0.19 0.14 2.00 1 0.157 
Random term 
deviance df test Log-liktest p-value 
1. Minimal model 46.17 1 
2. Site 44.97 1 1 vs 2 1.2 0.27 
On a regional scale, tree phenology is an excellent predictor of laying date, regardless of 
habitat type (Fig. 3; Fi>27= 180.13; P< 0.001; R2= 0.87 for pooled data). Deciduous and 
evergreen habitats clearly scale along a common axis (Fig. 3) and a 1-day advance in tree 
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phenology resulted in a nearly equal advance in laying date (slope = 0.73 ± 0.05) 
regardless of habitat type. Regressions for deciduous and evergreen habitats had similar 
slopes (Fi,25= 1.09; P= 0.30), indicating that birds respond similarly to variation in tree 
phenology over the local landscape and between years. Intercepts for the regression of 
laying date on tree phenology, however, approach significance (deciduous= 15.0 ± 4.3; 
evergreen= 25.7 ± 7.9; Fi^^ 3.79; P= 0.06), suggesting that although slopes are 
identical, there may be a slight offset in the elevation of the lines between habitats, which 
indicates that birds may use additional cues to fine-tune laying date in evergreen oak 
forest. This is consistent with the analysis that identifies temperature as the significant 
determinant of laying date in evergreen forest (Table 3). Although phenology is clearly 
important in setting breeding date, in evergreen forest birds may use additional 
information provided by temperature to fine-tune laying. 
30 40 50 60 70 
Phenology (date) 
80 
Figure 3. Relationship between annual mean laying date and bud burst date of oak trees 
at each site. Symbols refer to specific study sites. Black symbols refer to evergreen oak 
locations, open symbols are for deciduous study sites. Dates are march date (32= 1 
April). 
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Discussion 
Our results show that the spring development of buds and the phenology of the dominant 
local vegetation is a robust predictor of laying date for blue tits in Corsica over a wide 
range of altitudes and habitats that induce a 35-day variation in laying date. This is 
readily visualized in Figure 3 which shows that laying dates at high and low elevation 
sites and in evergreen and deciduous forest habitats all cluster tightly along a single line 
that links laying dates to vegetation phenology (R2= 0.87). In deciduous oak forest, there 
is no evidence that the latest breeding populations (those at high-elevation) have a 
different size or age structure from the earliest-breeding population (those at low-
elevation) which otherwise might have confounded an explanation of breeding date as a 
response to phenology. It thus appears that all females (or breeding pairs) use one or 
more environmental cues that are closely related to tree phenology in order to 
appropriately time reproduction when the target breeding date varies greatly over 
habitats, across altitudinal gradients, and between years. It is important to keep in mind 
that, although we did not present data in this paper, breeding success (measured as the 
proportion of hatched chicks that fledge) did not vary significantly between our sites. 
There is thus no reason to believe that females mistimed breeding by using a phenology-
based cue system or that certain sites represent ecological or demographic sinks. The line 
in Figure 3 appears to be the line that defines the most appropriate and possible "optimal" 
breeding date at a given site. 
As has been noted in numerous papers, the timing of breeding in blue tits was strongly 
correlated with local temperature (see introduction). Females breeding in colder 
locations or colder years delayed the initiation of breeding by an average of 4 days for 
each °C in local temperature. This is somewhat greater than the ca. 2 d/°C found in 
several other studies dealing with the effect of climate on phenotypic variation of life-
history traits (Dunn and Winkler 1999, Brommer et al. 2005, Brommer et al. 2008) and 
supports recent experiments suggesting that southern populations of great tits may be 
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more sensitive to supplementary information such as ambient temperature for the 
initiation of photoperiod-induced gonadal growth (Silverin et al. 2008). 
However, breeding females cannot use temperature alone to determine the appropriate 
time to lay eggs throughout the Corsican landscape. Because bud development and the 
subsequent growth of caterpillar prey on young tender leaves are offset by roughly 13 
days for a given temperature in deciduous and evergreen oak forest, females that rely 
solely on temperature to time egg laying would mistime breeding in one or other of the 
habitats. Rather, females appear to use the environmental variable (vegetation 
phenology) that is most closely linked to the future production of insect prey in order to 
accurately time laying over the entire spatio-temporal breeding landscape. Our analyses 
show that in deciduous forest, where bud development and subsequent leaf flush is 
particularly conspicuous in spring, females rely primarily on tree phenology to time egg 
laying. However, in evergreen oak forest where approximately 30% of leaves are 
renewed each year (Blondel et al. 1993), our analyses identify temperature as an 
important factor in setting the timing of egg laying. Of course, this does not mean that 
phenology is not important as can be seen by the tight clustering of evergreen habitats 
around the breeding vs phenology regression line in Figure 3. Later in the season when 
evergreen oak initiate bud development, temperature as a variable likely incorporates all 
of the variation associated with phenology and introduces additional explanatory power. 
This is likely to explain the marginally significant offset (intercept) between the 
regression lines for laying date vs phenology when deciduous and evergreen habitats are 
treated separately. In evergreen habitats females may use tree phenology to time 
breeding, but they may need additional information to accurately fine-tune laying dates. 
In this case they include temperature in the decision process. 
Why females rely more on temperature to time breeding in evergreen oak forest remains 
obscure. It may be that the visual cues offered by bud development are less conspicuous 
when only 30% of the buds develop and are hidden in existing foliage. It may also be 
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that evergreen oak initiate bud development at higher ambient temperatures. Because 
caterpillar growth must be faster at higher temperatures, the delay between the earliest 
visual cue (bud stage 2) and the peak in caterpillar prey availability will necessarily be 
shorter. Females may use temperature as a cue to allow them to initiate egg production 
early enough to have chicks hatch and grow when caterpillars are most abundant. 
The view that females incorporate temperature in the decision process in evergreen 
habitats and/or when breeding later in the season is consistent with findings using a 
larger, long-term data set for one deciduous (Muro) and one evergreen site (Pirio). Using 
path analysis to partition the effects of tree phenology and temperature on laying date, we 
showed that while phenology is an important determinant of laying date at both sites, the 
relative weighting of temperature in the decision process rises from 0% (insignificant) in 
deciduous forest where birds breed early to approximately 70% in evergreen forest where 
birds breed late (unpublished results). By shifting the weighting of two important 
environmental features in the decision process, females appear to be able to adjust the 
timing of breeding to the appropriate moment over a very wide range of conditions 
offered in a heterogeneous landscape. 
The apparent context-dependant shift in the weighting of the proximate determinants of 
breeding date may be regarded as an important component of the phenotypic plasticity of 
Corsican blue tit populations. Corsica is characterized by extreme spatial habitat 
heterogeneity and a rugged topography which may have promoted selection for strong 
behavioural flexibility and plasticity in key life-history traits, such as breeding date. Our 
multi-site approach, which covers a broad range of environmental conditions shows that 
blue tits have the ability to adjust breeding time to local conditions. All populations 
showed an adaptive close synchronism with local food abundance and our sites had 
roughly equivalent breeding success. This contrasts markedly with blue tit populations in 
mainland southern France that do not exhibit equivalent plasticity. There, pairs breed at 
the appropriate time in deciduous oak forest, but females breeding in evergreen oak forest 
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seem unable to use tree phenology (or local temperatures) to accurately adjust chick 
rearing to coincide with the peak in caterpillar production. Dias and Blondel (1996) 
termed this the adaptation-maladaptation syndrome and suggested that an early-breeding 
phenotype evolved in response to the dominant or majority habitat. Individuals 
dispersing into the rarer, minority habitat (in this case, evergreen oak) carried with them a 
maladaptive and inflexible phenotype. As a result, they mistimed breeding to local 
condition (Thomas et al. 2001). Populations of blue tits breeding in southern continental 
France thus appear to lack the phenotypic plasticity that Corsican populations exhibit and 
so do not perform well in environments that are heterogeneous over a short spatial scale. 
This extends recent analyses showing differences in the degree of inter-individual 
phenotypic plasticity in laying date between tit populations in northern Europe and 
Britain (Nussey et al. 2005, Charmantier et al. 2008). Some populations appear to 
harbour greater inter-individual variation in phenotypic plasticity than others and 
selection on individual variation in plasticity appears to vary over the breeding landscape. 
Just as the results presented here show that Corsican blue tits exhibit great phenotypic 
plasticity in laying date at the population level and that this exceeds that found in 
continental southern France, we have also noted significantly higher inter-individual 
variation in plasticity in Corsican populations compared to one continent population 
(unpublished results). The existence of extreme plasticity in breeding time at the level of 
populations and individuals in Corsica may play a key role allowing blue tits to 
successfully invade a wide range of habitats. 
The decision rules birds employ to anticipate the optimal breeding time is an important 
component of reproductive success (Blondel et al. 1993, Visser et al. 2004), particularly 
in heterogeneous environments characterized by a diversity of ecological conditions and 
constraints. Here we have showed that, in a landscape characterized by a heterogeneous, 
fine-grained mosaic of contrasting habitat patches, the phenological information provided 
by the dominant vegetation may be the most relevant cue to time breeding on a regional 
scale, yet behavioural flexibility may allow birds to integrate ambient temperature as a 
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supplementary cue to adequately time reproductive efforts on a fine-scale basis. 
Plasticity in the cue-response system may therefore be a common feature in highly 
variable environments, and may be an important means by which some populations will 
persist in the face of current environmental change. We expect that populations that 
exhibit great plasticity, such as we have found in Corsica, will also be those that are best 
able to adapt to the rapid changes imposed by man-induced global warming that 
continuously advances the target breeding date. Future studies should thus aim at 1) 
refining our understanding of the proximate cues used by birds to time breeding, not only 
on single study sites, but over a landscape that presents a large array of environmental 
conditions, 2) identifying populations with contrasting responses to environmental cues 
and understanding the causes of these differences, and 3) determining to what extent 
increased plasticity in the cue-response mechanisms will enable populations to cope with 
environmental heterogeneity, particularly under current climate change scenarios. 
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CHAPITRE IV 
Plasticite phenotypique de la periode de 
reproduction 
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CHAPITRE IVa 
AMONG-POPULATIONS VARIATION IN BREEDING TIME PHENOTYPIC 
PLASTICITY IN MEDITERRANEAN BLUE TITS 
Description de Particle et contribution 
Jusqu'a maintenant, nous avons fourni plusieurs evidences appuyant la proposition que 
les mesanges bleues de Corse sont particulierement flexibles dans leur mecanisme de 
reponse aux signaux de renvironnement associes au controle fin de la reproduction. La 
grande variation phenotypique de la periode de reproduction observee en Corse pourrait 
ainsi etre le reflet de cette plasticite dans le comportement reproducteur, liee a la 
necessite d'assurer un synchronisme adequat de la reproduction peu importe les 
conditions environnementales auxquelles les oiseaux doivent faire face. Nous predisons 
done que les environnements hautement heterogenes, tels que ceux caracteristiques a la 
Corse, devraient favoriser le developpement d'une grande plasticite individuelle dans 
1'ajustement des evenements reproducteurs. 
L'analyse que nous proposons dans cet article vise done a determiner s'il existe une 
variation inter-individuelle dans la norme de reaction date de ponte - temperature dans 
les differents sites d'etude, puis de verifier si cette plasticite differe en fonction du 
contexte ecologique (chene blanc vs chene vert), ou alternativement entre les paysages de 
Corse et ceux du continent. Cette analyse est directement inspiree des travaux 
recemment publies (Brommer et ah, 2005; Brommer et ah, 2008; Charmantier et ah, 
2008; Nussey et ah, 2005a; Nussey et al., 2005b; Nussey et al., 2005c; Przybylo et ah, 
2000; Reed et ah, 2006; Wilson et al., 2007), sur le role de la plasticite phenotypique sur 
la capacite d'ajustement des populations face aux changements environnementaux. 
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Ma contribution a la realisation de cet article fut tres importante. J'ai concu l'idee 
principale, realise les analyses preliminaires et effectue la plus grande partie de la 
redaction de l'article. L'aide de Dany Garant et Anne Charmantier fut determinante pour 
l'amelioration des analyses et la redaction d'une partie de l'article. 
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AMONG-POPULATIONS VARIATION IN BREEDING TIME PHENOTYPIC 
PLASTICITY IN MEDITERRANEAN BLUE TITS 
par 
PATRICE BOURGAULT, DANY GARANT, ANNE CHARMANTffiR, DON 
THOMAS & JACQUES BLQNDEL 
Abstract 
The ability to adjust central life-history traits to variations in environmental conditions is 
an important component of fitness. Phenotypic plasticity in the timing of reproductive 
events may allow individuals to track spatio-temporal variations in optimal breeding 
conditions, thereby promoting successful breeding and population persistence in highly 
heterogeneous environments or under current rapid environmental changes. Although it 
was shown that inter-individual variations in the plastic response of individuals to 
climatic conditions exist, no studies have attempted to determine how populations 
experiencing contrasting ecological conditions vary in their timing of breeding -
temperature reaction norm. In this study, we analysed long-term data on clutch initiation 
date in four Mediterranean blue tit (Cyanistes caeruleus) populations (Corsica and 
Montpellier on the mainland) to determine whether the plastic response of birds to local 
climate differed among populations. We showed that between-individual variation in 
phenotypic plasticity for laying date is variable among populations of blue tits, with 
island populations showing larger between-individual differences in their response to 
temperature than their mainland counterparts. Within-species variation in the plastic 
response of breeding time may explain in part the large differences we observed between 
continental and Corsican populations in their capacity to match reproductive activities 
with the optimal time-window for successful breeding. Phenotypic plasticity can thus be 
regarded as a major component of the insular syndrome within Corsica, and the evidence 
that these populations could well be more suited to cope with environmental variability 
and potential disruptions in the trophic systems caused by current environmental change. 
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Introduction 
Animals facing spatio-temporal variation in resource abundance and abiotic conditions 
must develop adaptations to deal with fluctuating environment. Phenotypic plasticity, the 
capacity of a genotype to change the expression of a phenotypic trait in variable 
environments, is a powerful means by which populations and individuals can deal with 
changing environmental conditions (Via et al. 1995, Pigliucci 2001, Nussey et al. 2007). 
Phenotypic plasticity is an ubiquitous feature of animal (Gotthard and Nylin 1995, 
Nussey et al. 2005a, Pelletier et al. 2007) and plant individuals (Sultan 2000, Valladares 
et al. 2007). Phenotypic plasticity is a predominant mechanism that allows rapid and 
reversible phenotypic changes for keeping pace with environmental changes, by 
opposition to microevolution which is believe to occur at a slower rate (Price et al. 2003, 
Reale et al. 2003, Moller and Media 2004; Gienapp et al. 2008). 
Timing of breeding is particularly sensitive to variations in ecological processes (Both et 
al. 2004, Nussey et al. 2005b) and is strongly related to fitness in many species (Clutton-
Brock 1988). Flexibility in breeding time allows individuals to synchronize reproductive 
events with the most favourable period of the year in order to ensure optimal offspring 
growth and survival. This is especially true for insectivorous passerines, which must lay 
eggs and raise their nestlings as early as they can in spring, (Verboven and Visser 1998, 
Sheldon et al. 2003) while ensuring that the most energetically demanding part of the 
nesting cycle coincides with the narrow temporal peak of food abundance (Thomas et al. 
2001). Mistiming with the peak in food resources causes pervasive effects on 
reproductive output (van Noordwijk et al 1995, Tremblay et al. 2003). Hence various 
studies have attempted to assess how birds minimize the risk of mismatch, particularly in 
the current context of rapid environmental changes (e.g. Visser et al. 2004, Nussey et al. 
2005a, Brommer et al 2008, Charmantier et al. 2008). 
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Birds typically track inter-annual variation in optimal breeding time by shifting their 
average onset of egg-laying in response to environmental factors such as climatic 
conditions or vegetation phenology (Visser and Lambrechts 1999, Dunn 2004). Some 
studies showed that population-wide variation in breeding time among years can be 
largely explained by within-individual phenotypic plasticity (Przybylo et al. 2000). 
However, the ability to respond to variation in climatic conditions may also vary greatly 
among females, with the most plastic individuals (i.e. individuals with the best 
adjustment of egg laying date to environmental conditions) potentially enjoying higher 
reproductive success (Brommer et al. 2005, Nussey et al. 2005a). Evidence for 
substantial variation in individual laying date - temperature reaction norms, combined 
with selection for an increased, heritable sensitivity in the response to climatic variations, 
suggest that bird populations should evolve towards increased flexibility to deal with 
environmental variability. Yet considerable differences in plasticity patterns can exist 
among populations of a given species. In particular, a large inter-individual variation in 
the breeding time sensitivity to spring temperature has been documented in a great tit 
(Pams major) population from the Netherlands (Nussey et al. 2005a), whereas, 
individuals from another population from the same species in England are strikingly 
invariant in their response to fluctuations in spring temperature (Charmantier et al. 2008). 
Although the reasons for such discrepancies remain uncertain, population-specific 
constraints on plastic expression, owing to differences in habitat feature, climate or 
environmental constraints (see Wilson et al. 2007 and Nussey et al. 2005b, c for 
examples) may explain some of the observed within-species divergence in plasticity 
patterns. 
Because the pattern of individual plasticity for key life-history traits may be influenced 
by prevailing environmental conditions, describing ecological correlates of reaction norm 
variation is fundamental to our understanding of the evolutionary and ecological 
dynamics of populations (Sultan and Stearns 2005). Comparative studies of 
geographically distinct populations in contrasting natural systems are therefore needed, 
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yet very few attempts have been made to investigate within-species variation in 
environmentally-induced plasticity patterns. This is most likely explained by the lack of 
longitudinal, multi-populations studies of marked animals in which distinct but closely 
related populations, experiencing contrasting habitat-mediated selection pressures, are 
being studied over a spatially structured and heterogeneous landscape. The geographic 
configuration of the Mediterranean landscape, which is characterized by a heterogeneous, 
fine-grained mosaic of habitats, provides an exceptionally appropriate study system to 
investigate the evolutionary significance of phenotypic variation in the plastic response of 
life-history traits in spatially structured populations (Blondel et al. 2006). Indeed, the 
Mediterranean area has been considered as hot-spot of global change (Giorgi 2006) and 
consequently offers unique opportunities (e.g. Penuelas et al 2002, Sanz et al. 2003) to 
understand the functional mechanisms allowing populations to deal with fluctuating 
environment and explore the fitness consequences of these adaptations. 
Here, we studied a small forest passerine bird, the blue tit (Cyanistes caeruleus), which 
shows large phenotypic variation in breeding traits as a result of habitat-specific 
environmental constraints (Blondel et al. 1999, 2006). In this system, the most important 
fitness feature for birds is the large inter-habitat difference in the timing and abundance 
of food between evergreen and deciduous forest patches. The fitness costs (in terms of 
breeding success (Tremblay et al. 2003) and parental effort (Thomas et al. 2001)) of 
missing the narrow temporal peak in food availability is greater in poor evergreen oak 
forests compared to neighbouring deciduous oak patches. Therefore, selection to match 
breeding events with the phenology of food availability should be stronger in the former 
habitats (Tremblay et al. 2003, Lambrechts et al. 2004). Ultimately, these habitat-specific 
differences and constraints may reflect in phenotypic plasticity of breeding time and in 
the diversity of patterns of reaction norms within and among populations. The aim of this 
study is to explore the variation in phenotypic responses between four populations of blue 
tits inhabiting a heterogeneous landscape in the Mediterranean region. To do this, we 
investigated 1) whether there is a phenotypically plastic response of breeding date versus 
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local spring temperature at the individual level, and 2) whether specific habitat features 
influence the extent of plastic expression in these populations. 
Material and methods 
Study sites, populations and data collection 
We conducted this study in four blue tit populations on Corsica and southern France, in 
forest patches dominated by either deciduous broad-leaved downy oak (Quercus humilis) 
or evergreen holm oak {Quercus ilex). The Corsican two main study areas are separated 
and isolated by mountain ranges (alt. >1500m). The first study site, Pirio (42°34'N, 
08°44'E) is dominated by evergreen holm oaks where data on bird breeding phenology 
have been collected since 1976 (Blondel et al. 1985). The second main study site, Muro 
valley (42°33'N, 08°54'E), is characterized by a large spatial heterogeneity, where both 
evergreen and deciduous woodlots are found in isolated forest patches. Two study sites 
are separated by ca. 6 km and were monitored since 1994 (deciduous Muro) and 1998 
(evergreen Muro). A fourth study site, Rouviere (43°40'N, 03°40'E), is located on the 
mainland near Montpellier. This site is largely dominated by deciduous broad-leaved 
oaks and where the population has been monitored since 1991. Previous studies 
established that blue tits' reproductive success is strongly influenced by habitat and forest 
type (Tremblay et al. 2003, Lambrechts et al. 2004). In deciduous woodlots (Muro and 
Rouviere), an early and abundant leaf flush creates a massive peak in caterpillar 
availability, which promotes nestling growth and survival. At evergreen Muro and in 
Pirio, caterpillar abundance is only 10% as high as that found in Muro and Rouviere, and 
breeding performance is regularly limited by this factor. See Table 1 for a summary of 
habitat characteristics and breeding traits for each population. 
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Table 1. Characterisitics of habitat and breeding traits of blue tit populations in the four 
Mediterranean study sites. Laying dates are march date (1= 1 March). Values are mean 
±S.D. 
Site habitat 
Mainland/ Food 
Island abundance 
Mean 
Number laying 
Years of date 
females (march 
date) 
Clutch 
size 
Rouviere 
Deciduous 
Muro 
Evergreen 
Muro 
Pirio 
Broad-
leaved 
oak 
Broad-
leaved 
oak 
Holm 
oak 
Holm 
oak 
Mainland 
Island 
Island 
Island 
Rich 
Rich 
Poor 
poor 
1991-
2006 
1994-
2006 
1998-
2006 
1980-
2006 
212 
97 
55 
264 
38.4 ± 
7.9 
7.9 
47.5 ± 
7.6 
71.0 ± 
6.2 
10.1 ± 
1.1 
35.3 ± 8.7 ± 
1.3 
7.0 ± 
1.1 
6.6 ± 
1.1 
Monitoring of artificial nest boxes (60-150 nest boxes in each study site) allowed us to 
collect data on key life-history variables in blue tits: egg laying dates, clutch size, number 
of nestlings, number of fledglings. Adult birds were captured, weighed and 
identified/ringed in the final phase of the nestling stage. See Blondel et al. (2006) and 
Lambrechts et al. (1997) for further details on study sites and field protocols. 
Temperature data were obtained from local meteorological stations. In our analyses we 
used mean daily temperature, averaged over fixed periods preceding laying date for each 
site. Temperature during the general pre-laying period has been identified as influencing 
laying date in several studies (van Balen 1973, Perrins and McCleery 1989, Nager and 
van Noordwijk 1995, Meijer et al. 1999; Nussey et al. 2005a). However, the exact time 
period over which birds might integrate temperature cues to adjust their timing of 
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breeding remains uncertain. Consequently, we ran our analyses using mean daily 
temperature for different time windows to determine the most appropriate period. Results 
were similar for most periods, but mean temperature during the first three weeks of 
March in deciduous forests and two weeks preceding laying date in evergreen habitats 
had the highest correlation with timing of breeding, so we present results for these 
periods only. 
Population-level plasticity in breeding time and inter-individual plasticity in reaction 
norm properties 
To determine the average population response of blue tits to variation in climate, we 
performed a cross-sectional analysis by regressing annual mean laying date against local 
spring temperature at each study sites. We then used the slopes for each regression to 
compare population-level response to spring temperature. 
To determine whether the population response of breeding time was explained by inter-
annual individual adjustment of laying date, we first used a simple estimate of individual 
plasticity. We calculated the ratio of the individual difference in laying date in two 
consecutive years over the spring temperature difference between the two years: 
plasticity= (laying date year 2 - laying date year 1) / (T°C year 2 - T°C year 1) 
(Charmantier et al. 2008). This measure of plasticity was modeled using linear mixed 
effect models (LMMs), including individual identity as a random effect and the 
difference in spring temperature and female age as fixed variables. 
Analyses of inter-individual plasticity were performed using data from females with 
available records for at least two breeding events and we selected only genuine first 
clutches (see Table 1 for sample size). We included spring temperature and age as fixed 
effects in each of our linear mixed models (LMMs) fitted using restricted maximum 
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likelihood (REML) method implemented in ASReml v2 (VSN International). The 
dependent variable in all models was laying date. The mixed model structure was 
hierarchically extended to test patterns of variation in individual plasticity of breeding 
date, keeping the fixed effects model unchanged. The significance of adding terms to the 
random effect model was assessed using a likelihood ratio test (LRT), with degrees of 
freedom determined by the number of additional parameters in the random effect model 
(Self & Liang 1987). The following models were successively compared: 
Model 1: only fixed effects 
Model 2: fixed effects + Year 
Model 3: fixed effects + Year + Female identity (elevation) 
Model 4: fixed effects + Year + Female identity (elevation) + Female * temperature 
interaction (slope) 
Results 
Population-level plasticity in relation to temperature 
Linear regression models revealed that annual mean laying date was significantly and 
negatively correlated with spring temperature in all four populations (Figure 1). Slope 
values range from 1.9 to 2.2 days °C_1 depending on the area (Rouviere: b= -2.19 ± 0.49, 
FU9= 14.84, p< 0.001,r*= 0.59; Pirio: b= -2.05 ± 0.50, F1)25= 16.71, p<0.01, r^ = 0.40; 
deciduous Muro: b= -2.02 ± 0.63, Fi,u= 9.96, p<0.01, r^ = 0.48; evergreen Muro: b= -1.87 
± 0.60, Fi>7= 9.57, p<0.05, r*= 0.58). 
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Fig. 1. Annual mean laying date (± S.D.) of female blue tits plotted against average mean 
daily temperature in the four study sites. 
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Analysis of inter-individual plasticity in reaction norm properties 
When we considered the magnitude of individual plastic responses, the slopes of the 
relationships between the mean difference in laying date for individuals breeding in 
successive years and the difference in local temperature in the same pair of years 
(Rouviere= -2.63 ± 0.18; Pirio= -2.15 ± 0.18; deciduous Muro= -2.10 ± 0.30; evergreen 
Muro= -1.14 ± 0.18) were similar to the slopes calculated at the population level, which 
indicates that the population-level response to temperature is largely explained by 
individual breeding time plasticity. 
Linear mixed models on individual females confirmed that spring temperature and age 
were significant determinants of laying date in all sites. Year and female effects 
significantly improved the models at each site indicating significant variation in yearly 
effects on laying date as well as significant inter-individual differences in mean laying 
date (Table 2). Significant variation in female by temperature effects, indicative of 
variation in plasticity, was present in the three Corsican sites, yet not at the mainland site 
(Rouviere) (Table 2). 
161 
Table 2. Statistical significance of adding random terms to linear mixed models of 
laying-date for female blue tits that bred in two or more years in four Mediterranean 
study sites. Random terms were added sequentially and their significance were assessed 
by comparing the change in deviance between two models with a chi-squared distribution 
(Log-likelihood ratio test - LRT). Temperature and age were included as fixed effects in 
each model. 
A) Pino 
Random terms 
1. Minimal model 
2. Year 
3. Year, Female 
4. Year, Female, Fem xTemp 
Logl 
-1737.47 
-1629.36 
-1551.39 
-1547.65 
df 
1 
1 
2 
test 
l v s . 2 
2 vs. 3 
3 vs. 4 
LRT 
216.22 
155.94 
7.48 
p-value 
O.001 
<0.001 
0.024 
B) Muro 
Random terms 
1. Minimal model 
2. Year 
3. Year, Female 
4. Year, Female, Fem xTemp 
Logl 
-586.19 
-575.09 
-564.82 
-560.67 
df 
1 
1 
2 
test 
l v s . 2 
2 vs. 3 
3 vs. 4 
LRT 
22.20 
20.54 
8.30 
p-value 
<0.001 
<0.001 
0.016 
C) Muro - evergreen 
Random terms 
1. Minimal model 
2. Year 
3. Year, Female 
4. Year, Female, Fem xTemp 
Logl 
-395.46 
-381.69 
-365.73 
-353.12 
df 
1 
1 
2 
test 
l v s . 2 
2 vs. 3 
3 vs. 4 
LRT 
27.54 
31.92 
25.22 
p-value 
<0.001 
<0.001 
<0.001 
D) Rouviere 
Random terms 
1. Minimal model 
2. Year 
3. Year, Female 
4. Year, Female, Fem xTemp 
Logl 
-1150.49 
-1113.82 
-1083.73 
-1081.91 
df 
1 
1 
2 
test 
l v s . 2 
2 vs. 3 
3 vs. 4 
LRT 
73.34 
60.18 
3.64 
p-value 
>0.001 
>0.001 
0.162 
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Discussion 
Here we show that between-individual variation in phenotypic plasticity for laying date is 
variable among populations of Mediterranean blue tits. More specifically, our results 
suggest that island populations exhibit larger between-individual differences in their 
response to temperature than their mainland counterparts. This is the first evidence of 
such small scale variation in plasticity among wild populations. 
The population-level response to spring temperature was similar at all sites. On average, 
annual mean egg-laying date was advanced by ca. 2 days for each °C increase in annual 
local temperature, which is comparable to other studies describing the average response 
of birds to climatic conditions (Dunn and Winkler 1999, Brommer et al. 2005, Brommer 
et al. 2008). This population-wide plasticity to variation in temperature could be 
attributed entirely to individual phenotypic plasticity rather than microevolution, as 
suggested by the close relationship between the slopes describing population-level and 
within-female changes in laying date in response to temperature. Hence, individual 
female blue tits from all four study sites can adjust breeding time in response to inter-
annual local climate. Moreover, we found that the ability to respond to variation in 
climatic conditions by adjusting the slope of the laying-date - temperature reaction norm, 
differed among individuals. A significant between-individual variation in plasticity 
indicates that some females in a breeding location express a higher sensitivity to 
temperature cues (i.e. steeper slope of the laying-date - temperature reaction norm). 
However, this difference in the ability to respond to inter-annual variation in temperature 
was found only among the three populations of Corsica. Females from the mainland 
(deciduous Rouviere) differ from their Corsican counterparts in that they do not exhibit 
the same between-individual plasticity in their onset of laying date. Although females 
from the mainland responded to ambient temperature by laying earlier in warmer springs, 
individual slopes of the response to changes in temperature were similar among females. 
The average laying date may thus significantly differ between individuals (reaction norm 
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intercept), with some females breeding systematically early or late in spring. However, 
the capacity of a female to adjust the slope of the laying date against ambient temperature 
remains invariant between individuals. This shows that there exist small-scale, 
population-specific variations in the way individual birds can deal with varying climatic 
conditions in the Mediterranean region. 
Interestingly, divergences in plasticity patterns were not related to habitat-specific 
environmental constraints as would be expected in a rich deciduous/poor evergreen 
system. Because the costs of missing the narrow temporal peak in food availability is 
greater in poor evergreen oak forests compared to deciduous oak patches, females from 
evergreen woodlots are expected to exhibit stronger phenotypic plasticity in order to 
match breeding events with the narrow temporal peak in food availability in these 
habitats. This was not the case and females from deciduous Muro showed the same level 
of between-individual plasticity than their Corsican evergreen counterparts. Rather than 
being related to differences between habitat types, it thus seems that population-specific 
variations in plasticity patterns are the consequences of specific ecological/evolutionary 
features related to the Corsica/mainland dichotomy. 
A similar between-population difference in the plastic response of breeding time was 
found in great tits (Charmantier et al. 2008; Nussey et al. 2005a). British tits showed a 
positive, adaptive response to climate variation but showed no between-individual 
differences in the slope of the relation between spring temperature and egg-laying date 
(Charmantier et al. 2008). In contrast, there was selection for increased responsiveness in 
Dutch great tits but the mean population response did not sufficiently track the 
environment closely (Visser et al. 2006). Within-species variation in this case could be 
attributed to differences in the temperature regime between the two study sites. In the 
Netherlands, evidence for climate change are observed only during the breeding season, 
well after the onset of egg-laying. Birds therefore may use the incorrect temperature cues 
at the time when reproductive decisions are made (Visser et al. 1998), resulting in a 
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decoupling from the annual peak in resource availability with severe impacts on 
reproductive success (Visser et al. 2004, 2006). Females that exhibit a large sensitivity to 
temperature variations (i.e. those with a steeper slope of the laying-date - temperature 
reaction norm) are those that experience higher lifetime breeding success (Nussey et al. 
2005a). In England, variations in climate are apparent and uniform from the start of the 
breeding season, which allow birds to benefit from appropriate cues for fine-tuning their 
reproductive decisions. Individuals do not vary in their response to temperature 
fluctuations (i.e. no significant between-individual differences in the reaction norm slope) 
and there is no selection for an altered pattern of plasticity (Charmantier et al. 2008). 
It is unlikely that the divergence in plasticity patterns we observed between island and 
mainland blue tits was related to such a difference in temperature regimes between study 
sites. In the Mediterranean region, the climate is typically stable and show low level of 
variation between regions. As temperature differences between areas are small, the 
annual warming is relatively uniform across the Corsican landscape: temperature data 
collected in local meteorological stations (Montpellier on the mainland, Calvi on Corsica) 
shows that temperature regimes are very similar between the two landscapes. For 
example, the mean difference between Montpellier and Corsica in average daily 
temperature during the months of April and May 2006 was virtually 0 (0.16°C), with a 
range of 0-5°C. Because the same global temperature cues are available to Corsican and 
continental birds, there is thus no a priori reason to expect a difference in plasticity 
patterns based solely on regional differences in climatic conditions. 
The very heterogeneous landscape on Corsica is likely to promote extensive plasticity in 
blue tits reproductive traits. Because the optimal time window is narrow and fluctuates 
temporally across habitats, birds must correctly integrate and interpret signals from the 
environment that predict feeding conditions that will prevail later during the nestling 
period in a given locality. A large behavioural flexibility in the cue-response system and 
selection on individual adjustment of central life-history traits are thus expected, which 
165 
may promote successful breeding and population persistence in these highly fragmented 
habitats. Hence, all populations we have studied so far on Corsica (> 10 study sites, 
covering most vegetation types and altitude) showed an adaptive close synchronism with 
local food emergence (P. Bourgault, unpublished results), whereas we found populations 
on the mainland that were strongly maladapted to local conditions (Dias and Blondel 
1996). Birds breeding in evergreen mainland habitats failed to match breeding date with 
local food supply. This mismatch between breeding time and the peak of caterpillar 
supply was shown to exert strong negative effects on reproductive success, to 
prohibitively increase the metabolic effort associated with food provisioning of nestlings 
and to affect mean adult persistence (Dias and Blondel 1996, Thomas et al. 2001). In 
contrast, females from Corsica showed high fledging success in each population, which 
indicates that birds are able to accurately integrate subtle, fine-scale environmental 
signals and so time the nestling rearing period to coincide with the peak availability of 
their caterpillar prey. Phenotypic plasticity in the cue-response mechanisms can thus be 
potentially regarded as a major component of the insular syndrome within Corsica 
(Blondel et al. 2006), and the evidence that these populations could well be more suited 
to cope with environmental variability and potential disruptions in the trophic systems 
caused by current environmental change. 
Our results provide evidence for the existence of intra-specific variation for plastic 
response and suggest that differences in phenotypic adjustments to climate may depend 
on prevailing habitat-specific conditions and ecological context. This further illustrates 
the importance of considering local scale, habitat type, environmental heterogeneity and 
selection regimes to get a better insight on the ecological causes of reaction norm 
variation and contemporary adaptation (Reznick and Ghalambor 2001, Seigel and Ford 
2001, Ashley et al. 2003, Svensson and Sinervo 2004, Garant et al. 2007, Wilkin et al. 
2007). Within-species variation in responses to environmental variability clearly 
deserves further investigation (Sultan and Stearns 2005). Studies comparing different 
populations evolving under different ecological conditions, with contrasting reaction 
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norm properties and evolutionary trajectories will therefore help to understand 1) the 
basis of plasticity in free-ranging populations of animals, 2) the evolutionary-based 
causes of climate change-induced mistiming in some populations and species, and 
ultimately 3) to better predict future phenology responses of individuals to expected 
changes in the environment. 
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CONCLUSION 
Les differents chapitres de cette these mettent en lumiere les mecanismes sous-jacents a 
la variation phenotypique de l'epoque de reproduction chez la mesange bleue, et 
permettent de mieux saisir Fimportance de la plasticite du comportement dans le controle 
fin de la reproduction. Dans cette section, je resumerai les principaux resultats de cette 
these et je tenterai de les situer dans un contexte plus general. Notamment, j'expliquerai 
pourquoi la plasticite phenotypique devrait etre un element central a la capacite de 
coordination des evenements de reproduction, permettant ultimement aux individus de 
mieux faire face a l'heterogeneite spatiale ainsi qu'aux perturbations environnementales 
au sens large. 
En milieu heterogene, l'adaptation aux variations locales de la disponibilite des 
ressources est un element cle de la valeur adaptative individuelle. Tres souvent, la 
periode optimale pour la reproduction y montre une grande variation spatio-temporelle 
(chapitre I), d'ou 1'importance d'un mecanisme de synchronisation flexible, efficace et 
polyvalent. Identifier avec precision le(s) mecanisme(s) qui regit le controle fin de la 
reproduction est toutefois un defi de taille (Chapitre Ilia); autant est-il difficile 
d'identifier et de determiner 1'importance relative des facteurs proximaux susceptibles 
d'influencer le declenchement de la ponte, autant peut-il etre complexe de determiner par 
quelle(s) voie(s) neurologique/endocrinienne ces signaux sont integres par l'individu. 
Identifier, ne serait-ce qu'en partie, les facteurs a l'origine du controle fin de la 
reproduction demeure neanmoins un element indispensable pour comprendre comment 
les individus parviennent (ou non) a maintenir le synchronisme avec les periodes 
optimales de reproduction a fine 6chelle. Par exemple, la phenologie de la v6g6tation 
constitue tres certainement un signal environnemental approprie pour les oiseaux dont le 
succes reproducteur depend du synchronisme avec la phenologie d'un systeme 
plantes/proies, meme si toutes les subtilites dans l'integration de ce facteur sont loin 
d'etre comprises (chapitre Ilia). Nos analyses montrent ainsi 1'importance determinante 
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de la phenologie sur le controle de la reproduction (chapitre IHb et IIIc), et suggerent que 
1'importance relative de ce signal environnemental (en complement a la temperature 
locale) est variable selon le contexte ecologique (saison ou habitat). Nos methodes 
complementaires (analyse de pistes (chapitre Illb) et correlation en nature (chapitre IIIc)) 
indiquent done que la phenologie de la vegetation est le facteur le plus important du 
controle de la reproduction a l'echelle regionale, alors que la plasticite dans le 
comportement (par rintegration du facteur temperature) permet de raffiner la reponse des 
oiseaux selon le contexte. 
Ceci implique que le processus de decision de ponte est dynamique, flexible, permettant 
ainsi de faciliter l'adaptation a un environnement variable, autant au niveau spatial que 
temporel. Cette particularite devrait done permettre le maintien du synchronisme avec la 
disponibilite des proies durant l'elevage des jeunes, favorisant ainsi le succes 
reproducteur. C'est precisement ce que nous observons en Corse. Autant la masse des 
jeunes que le succes a 1'envoi conserve un niveau eleve, et ce dans la plupart des 
circonstances. Le succes reproducteur etant equivalent entre tous les sites (>15) que nous 
avons recenses, ceci indique que la reponse des oiseaux aux variations environnementales 
est suffisamment precise pour assurer une coordination adequate de la reproduction a fine 
echelle, peu importe les conditions ou ils se trouvent. 
La variation phenotypique de la date de ponte en Corse serait done le resultat d'une 
capacite de reponse individuelle optimale selon le contexte (plasticite), et non pas le 
resultat de contraintes (energie, nourriture) qui limiteraient physiologiquement les 
oiseaux a s'investir dans une reproduction hative dans certains milieux contraignants. 
Meme si certaines differences inter-habitat existent dans l'investissement reproducteur, 
notamment la composition des oeufs (chapitre Ha), il est difficile de lier ceci 
specifiquement a une quelconque contrainte. D'ailleurs, nos tentatives visant a alleger la 
contrainte alimentation montrent que la disponibilite de nourriture exerce un effet minime 
ou mil dans la plupart des environnements (chapitre lib). Ce facteur explique done une 
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part minime de la variability du trait date de ponte, et supporte plutot rargument d'une 
optimisation de la periode de reproduction, permettant de suivre avec precision les 
variations locales dans la disponibilite des ressources durant la periode critique d'elevage 
des jeunes. D'ailleurs, les analyses au niveau individuel montrent l'existence d'une 
grande variabilite inter-individuelle de la norme de reaction date de ponte - temperature 
(chapitre IV), appuyant ainsi l'hypothese que les femelles de Corse sont hautement 
flexibles dans leur reponse face aux variations de l'environnement. 
Plasticite phenotypique de la date de ponte: une caracteristique des mesanges de 
Corse 
Les resultats de cette these suggerent que la plasticite phenotypique est le mecanisme 
offrant le plus de potentiel pour expliquer la grande variation phenotypique de Pepoque 
de reproduction observee en Corse. La plasticite serait par consequent une adaptation a 
ce milieu tres heterogene dont les conditions ecologiques sont hautement variables sur 
une tres petite echelle geographique. Cette particularite rendrait les mesanges 
performantes dans tous les habitats qu'elles rencontrent, et cette polyvalence assurerait 
done un succes reproducteur dans la plupart des conditions ecologiques existantes. Je 
suggere done que meme s'il peut exister une certaine structuration genetique entre des 
vallees isolees (par exemple entre Muro et Pirio), la plasticite phenotypique du 
comportement reproducteur demeure le moteur le plus important de la variation 
phenotypique observee a l'echelle du paysage. Cette plasticite est a meme d'expliquer la 
plus grande partie des ecarts de la date de ponte, meme les plus spectaculaires (> 1 mois), 
que nous observons entre certains sites. L'existence d'une structuration genetique entre 
certaines populations isolees ne peut done pas, a elle seule, expliquer le patron de 
difference phenotypique propre au paysage Corse. II serait d'ailleurs fort surprenant 
qu'une divergence genetique inter-habitat (entre des sites qui sont bien souvent tres 
rapproches et visiblement connectes) se materialise et permette 1'emergence de genotypes 
distincts presentant des trajectoires evolutives completement differentes pour certains 
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traits cles tels que la date de ponte. Consequemment, a moins que des evidences plus 
claires concernant la structuration genetique (ex. Charmantier, 2000) des mesanges entre 
les sites soient etablies, et que des experiences complementaires en voliere soient 
realisees (ex. Caro et al, 2007), nos observations et nos analyses ne permettent pas 
d'appuyer inconditionnellement le modele de divergence with gene flow propose 
jusqu'alors (chapitre I), du moins pas a l'echelle fine sur laquelle nos recherches se sont 
deroulees. 
Le systeme Corse serait done tres different de celui retrouve, par exemple, sur le 
continent. La comparaison Corse/continent peut ainsi etre tres informative des 
differences dans les strategies d'adaptation specifiques a certains environnements. On a 
vu que les mesanges du continent ne sont peut-etre pas aussi bien adaptees aux variations 
inter-habitat de la disponibilite des ressources, comme en font foi les differences 
majeures dans le synchronisme de la ponte et le succes reproducteur entre les habitats de 
chene blanc et chene vert (chapitre I). De facon generate, le mismatch entre la periode 
d'elevage et la periode favorable en chene vert sur le continent peut etre interprete 
comme un signe de moins grand potentiel plastique. D'ailleurs, e'est seulement sur le 
continent que nous avons observe une reponse inter-individuelle inflexible aux variations 
du climat (chapitre IV). Meme si du point de vue individuel, les femelles ajustent tres 
bien la periode de ponte en fonction des variations inter-annuelles de la temperature, elles 
repondent toutes de la meme maniere a ce facteur (pas de plasticite inter-individuelle). 
Une variabilite faible dans la norme de reaction peut signifier que le potentiel 
d'ajustement est limite pour 1'ensemble de la population. Un manque de flexibilite 
comportementale, observable au niveau de la population, indiquerait ainsi que les 
mesanges du continent awaient une moins grande capacite a exploiter efficacement 
certaines conditions ecologiques. Ceci supporte davantage l'hypothese de la 
specialisation, e'est-a-dire l'existence d'un genotype adapte aux forets de chene blanc, 
l'habitat dominant sur le continent. Les individus se retrouvant alors dans d'autres 
environnements, notamment en chene vert, n'auront alors pas la capacite (plasticite) 
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d'integrer les signaux permettant d'ajuster correctement l'effort reproducteur, et le succes 
de la reproduction s'en trouvera affecte. Dans ce contexte, les parcelles de chene vert 
deviennent des puits, dans lesquels le seul moyen de maintenir un certain niveau de 
population est par 1'immigration massive a partir des habitats sources de chene blanc. Je 
predis qu'un tel systeme (specialisation locale et systeme source-puit) ne peut se 
developper que dans des conditions particulieres. Sur le continent, c'est probablement la 
plus grande proportion d'habitats de chene blanc qui favorise la specialisation pour ce 
type de peuplement (voir introduction), alors qu'en Corse, les parcelles sont beaucoup 
plus fragmentees et moins homogenes sur de grandes superficies, ne procurant alors pas 
vraiment d'avantage pour un type d'habitat plutot qu'un autre. 
Plasticite phenotypique de la date de ponte : un avantage face aux bouleversements 
environnementaux? 
Si on admet que les mesanges bleues de Corse beneficient reellement d'une plus grande 
plasticite phenotypique de l'epoque de reproduction, et que cette plasticite leur confere un 
avantage selectif dans les environnements heterogenes et fragmentes, on peut presumer 
que cette faculte peut procurer un avantage dans les situations de perturbations 
environnementales. Je pense evidemment au phenomene general de fragmentation des 
habitats, mais en particulier aux changements climatiques d'origine anthropique. Depuis 
maintenant plus d'une dizaine d'annees, les recherches documentant l'impact des 
changements climatiques sur les individus sont tres abondantes, particulierement celles 
portant sur les etudes longitudinales de populations d'oiseaux europeens. Des etudes 
classiques, telles que celles de Crick et al. (1997) ou Crick et Sparks (1999), montrent 
qu'au niveau des populations, la date de ponte moyenne des oiseaux est devancee, parfois 
de plusieurs jours, et que cette reponse est directement correlee au rechauffement 
climatique observe dans les regions etudiees. 
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Les changements climatiques bouleversent la phenologie de reproduction des oiseaux, et 
introduisent un facteur supplementaire au defi de maintenir la coordination avec les 
periodes favorables d'elevage des jeunes. En effet, tous les processus biologiques (dont 
la phenologie des plantes et des insectes) sont susceptibles d'etre influences par les 
variations de temperature. Toutefois, les especes ne repondent pas toutes avec la meme 
intensite aux changements du climat. Les variations drastiques peuvent done 
desynchroniser les interactions trophiques entre especes. Plusieurs exemples de 
dephasage de la periode de reproduction des oiseaux avec le pic de nourriture nous 
montrent ainsi qu'un desynchronisme peut avoir des consequences dramatiques sur le 
succes reproducteur et la survie des populations (Sanz et ah, 2003; Thomas et ah, 2001a; 
Visser et ah, 2004). Dans certains cas, on a pu montrer que les individus les plus 
plastiques (ceux dont la reponse aux variations inter-annuelles de la temperature est la 
plus forte) sont ceux qui reussissent le mieux dans le contexte actuel (Nussey et ah, 
2005a). La plasticite phenotypique serait done un mecanisme tres approprie pour faire 
face aux variations anticipees du climat, ce qui pourrait favoriser les populations 
caracterisees par ce trait, dont les mesanges de Corse. Je predis done une meilleure 
reponse aux changements climatiques par les mesanges de Corse par rapport a celles du 
continent, simplement parce que l'intensite de leur capacite de reponse aux variations de 
temperature est globalement plus developpee (c.-a-d. plus variable) que sur le continent. 
Identifier les mecanismes qui influencent la variation phenotypique des evenements du 
cycle annuel est un pre-requis pour evaluer la reponse des individus et des populations 
aux bouleversements environnementaux. Si nous voulons interpreter et anticiper les 
reponses phenologiques aux changements climatiques (ex. Visser et Both, 2005), et 
comprendre pourquoi les populations d'une meme espece ne reagissent pas toutes avec la 
meme intensite aux variations du climat (ex. Visser et ah, 2003), nous devons d'abord 
comprendre le role de la plasticite sur l'etendue de la variation phenotypique, et ce, pour 
chaque espece ou population etudiee. Ceci nous permettra d'apprecier, a l'instar du 
systeme corse/continent, les divergences dans les possibilites d'ajustement phenologique 
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entre certaines populations, donnant ainsi l'occasion de mieux evaluer les consequences 
possibles des contraintes imposees par les changements environnementaux anticipes dans 
les annees a venir. 
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